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I.  Background  and  Objectives 

Stock's  early  syntheses  of  boron  hydrides  involved  the  reaction  of  a 
rather  poorly  defined  magnes-'am  boride  with  aqueous  phosphoric  acid.-  Miser¬ 
able  yields  of  a  hydride  mixture  containing  large  percentages  of  higher 
hydrides  were  obtained.  All  subsequent  procedures,  based  largely  on  the  work 
of  Schlesinger,  Brown,  Burg,  and  their  co-workers^' ^  as  well  as  some  commer¬ 
cial  programs,'  gave  as  the  sole  initial  product.  Higher  boranes 

(particularly  those  needed  for  the  synthesis  of  carboranes)  are  currently  made 
from  diborane  by  thermolysis.  Through  proper  selection  of  reaction  conditions 
and  equipment  B^H BjHcj,  B-H;;,  or  B  — H;.,  Can  be  prepared  in  fair  to  good 
yields,^  but  the  processes  are  very  difficult  and  expensive  commercial 
operations.  Three  other  rather  generalized  processes  for  converting  B;Hf;  to 
higher  hydrides  have  been  of  interest  in  the  past  decade.  The  first  of  these- 
tiilds  on  earlier  work  of  Hough,  Marshall,  Hunt,  Hefferan,  Adams,  and 
Makhlouf  of  Gallery  Chemical  Company.  The  process  involves  the  pyrolysis  of 
;i;r.-JBK4  to  yield  [NRi]  ;B' jH- ;  .  This  is  followed  by  the  opening  of  the  B— 
cage  with  HCl  in  liquid  (C^HOjS  to  give  B-.-H-; -CS  (C;H;) ; .  From  the  latter 
diethyl  sulfide  adduct,  carboranes  can  be  obtained.  Yields  are  marginal. 

A  second  process  involves  the  reaction  of  NaBHi  with  B;Hf.  Following  the 
early  work  of  hough  and  Edwards®  on  the  reactions  of  B^H^  with  sodium  amalgams 
to  give  NaBH<;  and  NaB3Hg.®  Muetterties- ^  carried  the  process  further  and 
obtained  NaB;-H’^4  from  NaBH^  and  B2H6  under  different  conditions.  This  general 
process  has  been  developed  beautifully  in  a  fundamental  sense  by  Shore  and  his 
students  who  have  been  able  to  build  up  large  borane  anions  in  a  stepwise 
fashion  by  adding  a  borane  group  (Lewis  acid)  to  a  B-B  bond  in  selected  boron 
hydride  anions.^'  Reactions  such  as  those  shown  here  were  carried  out: 
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1 


BijH9‘  +  \I2 


♦  b  h. 


B^Hg-  +  1/2  B.H^ 


h,  h 


Addition  of  a  proton  to  the  anion  qc- at  .r  i  a  oi- ; 
boron  more  than  the  start  inq  r  .it.-iial,  I:,  n  ^  '■  »a-  .  A  w  ,'r 

process  was  developed  in  recer:t  y.-a:-)  sy  :  -r.*-  a-  •,  .»■  ‘  .  i  a':  ■ 

Shore  and  his  co-woikers  tat’h.-;  tvv.- :  ;  •  <■  » . 

BjHg,  B^H-.s,  B-H-;,  and  B-  H  ■  whi.-h  ;  ov  .v<-  ■,  f  ;  j  . :  f  •  a  •  .  ■-  / 

hydride  is  abstracted  from  a-.,  t  ,  »*  .*',  .  .  i  ’  ,f  .  !  ■  'i-  ' 

Lewis  acid  BX-.,  and  the  r*'-;  ^  ;  ;  .1  ■  -  ■  <- -  „  ,  ■  ■  !- • 

which  is  available  from  a:.  1 1.-  -  -  :  »■  t  •  «r  y  -  ;  c-  a  ■  '  ■  ■  .  - 


process  is  the  most  cccv't.  ;  <-t.  •  lat  :  a*  :  y  ;  j 


A  .  ,  A  J  .  c*  :  t  ' 


preparation  of  hiyh.er  I  :ar.eo 

The  last  process  of  in'  e  r  r  t'  •  r  '  »  -  •  r  ;r  ■  <-  a  .  r r  • 

of  the  foregoinq  rea-t  i  ns  a-  a-  ;  ■  a  •  <-  ;*  • 


replaces  a  hydride  'f  PH;  a  7‘'-«^ta.  : 


<0  »  *  i  A  *:  r  . 


formed,  where  L  :s  a  lica'l  :  s.  '-  ai  i 


like  BH;',  will  als-  pi's 


the  following  rea'^i’Cs  ra"  r-*’  ■  -rat*---; 


Bri;  ■  ♦  1  r  P  H, 


LBH.  ♦  ;  ;  P  H, 


B  H  ■  * 


LB,  H.  S  :  :  P  H, 


Zi  i.  »  i: 


This  process  has  s  ore  li’era-.:^  rro-o-jc-*  -  -a-  -.-e  at:'  ac  *',e**^nr*ies 


reported  that  the  rea: 


■  f  ?  I  ~  w  .  w  ;  •  t  P  .  a “  ~  a  1  ve  p  ,H  .  I  c H  , )  . 


Several  other  conversions  ~f  si— -.'.ar  *vfe  Lave  a.s  hecr  rer:ited. 

In  1961  Borg  ■  tep'fed  tha*  he  y  are*  ?- y :  o- c*  e*  r  ar  ■.  r  e  ar.-j  several  other 
Lewis  bases  act  cat  a  ly*  i  ca  1  1  y  in  the  --r, version  'f  P  H  t:  P(H  ,  P  ,H  ,  and 
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In  considering  this  process  it  is  reasonable  to  postulate  that  - 

reacts  initially  with  a  Lewis  base  to  give  an  adduct  of  general  form  LB^Hy 
which  can  then  react  with  additional  B5HJJ  (or  another  base  borane  adduct  in 
the  system)  to  give  boron  frairi3wor)c  expansion.  The  reaction  between  B-H  -  and 
Lewis  bases  was  thus  of  considerable  importance  in  delineating  the  path  for 
the  e-xpansion  of  the  boron  framework.  Earlier  reports  on  the  reaction  of 
B-H-;  with  bases  such  as  NR3  had  described  a  confusing  process  from  which  no 
base-borane  products  could  be  characterized.!-  Thus  our  initial  work  focussed 
on  the  reactions  of  with  Lewis  bases.  Subsequent  work  involved  a  study 

of  the  reactions  of  the  products  obtained  from  the  base  reaction  with  borana 
units  or  other  boron  sources.  The  goal  of  the  study  was  an  expansion  of  the 
boron  framework. 

A  brief  summary  of  the  results  of  our  work  performed  under  the  sponsorship 
of  the  Army  Research  Office  through  DAAG29~76-G-0120,  DAAG2 9-7 9-C-O 12 9  and 
DAAG29-81-K-0101  was  described  in  a  paper  entitled  "Chem.istry  of  Lower  Bcranes 
Involving  Tr imethylphosphine" which  is  attached  to  this  report  as  Reprint 
#7.  In  short,  during  these  earlier  contract  research  periods,  the  strongly 
basic  nature  of  P  (01(3)3  was  exploited  to  establish  a  nurriber  of  definable 
reactions  of  lower  boranes,  which  could  then  be  used  as  guides  for  the  studies 
of  related  complex  reactions.  Thus,  at  the  beginning  of  this  reporting 
period,  we  were  ready  to  direct  our  effort  to  the  study  of  borane  reac-ion 
systems  involving  weaker  Lewis  bases. 
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II.  Sunanary  of  the  Results 
A.  Borane  Framework  Expansion  Reactions 
1.  Use  of  the  B2H4  Adducts 

Background .  During  the  earlier  ARO  contract  research  peiicis,  h  ii;  .i  1 
was  found  to  serve  as  a  borane  framework  expansion  reag<-r.t.  .  .  •  w,.--. 

B2H4  •  2P  (CH5)  3  was  mixed  with  certain  borane  compounds,  it  .n' 

BH3-P(CH3)3  and  "  :  BH  •  P  {CH3)  3" ,  and  the  latter  was  added  t'  t 

substrate  to  give  a  product  containing  an  incieased  r  ;  in  .»■  • 

Examples  are 


BjH,;  •2P  (CH3)  3  -t 

BrHf  ^ 

B.H  -P  (CH  .)  . 

♦  l*  ':i  .  t  (  •'.  • 

1  J  ] 

B'Hr •2P (CH3) 3  + 

BrH-'THF  •-> 

B.-.H.  -  P  (CH  .)  . 

•  1  (  '  *  -  t  ^ 

12  J 

B^H;;  ■  2P  (CH3)  3  + 

B4He-PH; 

E  H  .  P  ("H  .) 

•  i  (  '  ■  •  !  ' 

1  3  ) 

BjH,;  -2?  (CH3)  r  + 

B-H'.,-P  (CK  -.)  .  -> 

B.  H  •  IP  (Cr. 

)  .  •  ?*/'  i  • 

1  *  3 

BjH.;  ■  2P  (CH3)  3  + 

B-  K  ,  :  -♦ 

B.H  -F  (-.H  d 

•  }•..  ^  - 

!  i  3 

L..„. 

•  1  ^  . 

I  4  3 

When  the  Lewis  bases 

that  are  attach 

lO-'i  *  t  t  ■ 

:  r  *».*•*  ;  A  •  r-  “  A  ;  r  \  c  •  , 

strong  the  above  expansion  reaction 

Wil  :  h-’  f  : 

*  0  /'  * 

B2H4  -2?  (CH;.)  3 

BiH • -P (CH  .)  .  (r 

r  B.H  •  ?.■  (  ‘  H  . : 

1  .  J  •  ?*  V  r.  ;*  *  , 

I  ^  3 

-2?  (CHj)  + 

B;H- -P  (CH  .)  :  (0 

r  p  ;  H .  •  f;  (  '  H  , ' 

[  *  3 

Apparent  ly,  thebornae  acidity  cf  ’he  s-hs’ra’*'  ta-  •  .’-i-  ^  ‘  f  .  ,r-’  , 

for  the  reaction  to  occur.  When  the  s’r'ruly  '  d  •a’  -u  :  ‘  v: 

is  attached  to  the  B.H  cr  E;Hi  fraTre".  a-.:.’v  '  ’  ^  a,;.  •-  .-  •  • 

strong  enough  to  react  with  P,  H,;  -  ,'r  ( "'H  d  .  .  p  e  {  - _  v  }<--  a.^r 

the  stronger  acidity  of  the  P  H,  gr  '  uf  ,  w’-.-h  ;  ■=  .'•-or’--'’  .  a :  gc :  h-ra'*^ 

f  r  agmen  t ,  ’  ■  retains  its  a  c  1  d  1 1  y  strong  e  n  "  -u  g eve'  in  •  ’  e  r  e  e  r,  ~  e  f  T  ' 

in  the  molecule,  and  reacts  with  P  H  :  -  ir  (  - 1  .  *-  f  -  r-  p.*-’  IF  7*  j 
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>-A  .  >  t-  ■  , 


.  £  r  t 


s  a  ■'  «c  T.  J  i  G  -  !  t:  *  .  a  3  -  .  :  -  lea. 


.  «r  £  c  .'  -.'C  ^  _  3  I  a  ■  c  ■ 


c-  :  i  tr  ’ 


!.*.«;  a  5  ■  -.  .  c  5  ■  a ;  -  _  ?  c  i  5 


»>  c  *  l  a  ‘ 


c  «r  .  ^  _  4  c 


.  a  -^  -  •  -  c  a  - 


J  >i  (  .-t  .  )  .  .  1  ■: 


.  a  c  I 


’  a  :  a  *  <•  2 


r  r  ^  ,  •:  ?»  -I  .  a  l 


.11.  *  “••  M 


!-ct  ;  c  -5  •  •  c 

■  h  . : 


i  «-  «  j  a  ■•  “ 


1  >] 
1 :03 


•f*  1  ■  r*  r 


.M  "♦  >j  ■  *1  .  J 


X  •  .  ” 

X  .  IV 


!>  i 


7  “I 


I  1  1  3 

112  3 


T  ■'  *!  “  -r  ^  i .  5  r  ;  {c!  J  « “  ?  1  '  t  ^  a 5  ;  ■<'  a  2  e  .  •  ,  *  a  2  !  !•  >' 

•  *:  vv.  t  «•  f  •  — <*  {  ;  -  •  *■  <!  :•  <7  a  •  ;  ■  7  *•  f  a  '  i  I*  *'  ,  .  *,•  7 


'  ir?  •: 


■■  a  •  *  a  T  y  ^  ,  -7  .*•  f  ■ 


•.  n  -  c  ^  ,  y  f  f  ^  a  ?  2“  '.  • 


a  Vt  4  * 


!•  w  a  * 


T  »*  a  * 


’**1*<'1  f‘r  •^<5  —  w;  P=‘.  7  '  f  *  i  '.  ' 

s*  w  ,  *;  -  w  )  ,  *  w  t  .  p  u  -•  ^  w  ;  /  '  i4.  J  .  f- .-  r;  ( '■  i*  *  .  . 

•  •  r  -  7 «  r  a  ■*  ;  i  P  a  r  1  •  ^  »#«  a  *  «  r  t  a  N  (  ' "  ^  ;  «  "  "  r J"  ;  r.  ^  i  w ;  t  h  7  e  wf'  a  V;  o ; 
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1  -  i  1  : 

3  rcrMtlon  of  Bs>l«  fro*  *3111  SR;  SR;  aolutlona. 

9  ;H  5(rH-.l  w3?  ;r.  SiCM.)  a‘  :  ~cr  t  erpe  rat  re ,  B-H..  formed 

sl'wly  7t,«>  rea^'icr.  wa.*’  "lea*,,  ari  r.'  f.ydrtaer,  gas  evolved.  The  a{.  pt  iat  e 
ecpja-.  I'r,  f'r  the  rearti.or,  is 

3P.H  -SfCH.I;  *  S(.CH.),  -»  B  H,  ♦  4BH  . -S  (CH  . )  ,- .  [14] 
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10)  .  The  product  "B^Ha  •  S  (CH3)  would  readily  eliminate  S(CH^)p  to  finally 
give  B5H9.  See  Equations  17-19. 

BjH.;  •2S  (CH3)  ^  +  B.Hj-SCCHjlp  B4H8'S(CH3)2  '  BH3-S(CH3)2  +  S{CH-,)p  [17] 

B^H.; -23  (CHj)  2  +  B.;He  •  S  (CH3)  2  BjH9-S{CH3)2  +  BHj-S(CH3)2  +  S(CH3);  [18] 

B3H9-S(CK3);  ->  B5H9  +  S(CH3)2  [19] 

Equations  16  through  19  sum  up  to  give  Equation  14. 

The  above  proposed  mechanism  for  the  forniotion  of  B5H9  suggests  that,  if 
B^^Hg  •  S  (CH3)  2  had  been  added  to  a  $(013)2  solution  of  B';H7  •  S  (CH3)  2 ,  the  rate  of 
the  B,H-i  formation  would  increase.  Indeed,  it  was  the  case.  When  a  SCCH;,); 
solution  containing  B-.H-- •  $  (CHg)  2  and  B9Hg-S(CH3)2  in  a  1:1  molar  ratio  was 
prepared,  the  form^ation  of  B3H9  was  complete  in  a  few  hours;  BgH^-S  (013)2 
consumed  completely  and  a  s.mall  portion  of  B.-Hg  •  S  (CH3 )  2  remained  in  the 
solution.  Thus  the  above  interpretation,  which  is  based  on  the  B2H4  •  2P  (CHi ) -. 
model,  appears  to  be  satisfactory. 

3.  A  More  Generalized  View  of  the  Framework  Expansion  Reaction. 

In  the  framework  expansion  reactions  involving  the  B2H,;  adducts,  the  sub¬ 
strate  abstracts  ":BH'L"  from  B2Hi;-2L  and  BHg-L  is  eliminated.  Therefore,  the 
stability  of  BH  . -L  and  the  elect rophilicity  of  the  borane  substrate  are 
thought  to  be  important  factors  to  successfully  drive  the  expansion  reaction. 

In  this  sense,  the  formation  of  the  B3H4  •  3P  (CH3 )  3 '  cation  from  B2Hi  •  2P  (CH3  )  ~, 
and  the  trityl  cation^^  may  be  explained  by  the  following  scheme. 

B2H/, -2?  (CH3)  ,  +  C(C6H-3)3'  ->  "B2H3-2P  (CH3)  3‘''  +  C(C6H-,)3H  [20] 

B2H,; -2?  (CH3)  3  +  "B2H3 -2?  (CH  .)  ,""  ->  B3H4 -SP  (CH3)  3'  +  BH3-P(CH3)3  [21] 

The  intermediate  "B2H3 • 2P (CH3)  3’ "  is  a  strong  electrophile  owing  to  its 
positive  charge,  and  therefore  reacts  readily  with  B2H,;  •  2P  (CH3)  3,  abstracting 
;  BH  •  P  (CH-O  3"  from  B2H,;  •  2P  (CH  3 )  3  and  liberating  BH;.  •  P  (CH3)  3  . 
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The  frame  work  c  xt-ians  ion  schn-me,  which  is  di  3r•.;s^■' 1  f.c-ic-,  riay  furtt.e'  i  c- 
extended  to  include  a  more  general  case.  Co.nsidei  the  followrng  react  rcr. 
which  was  observed  in.  this  laboratory.  (See  attaoheJ  Reprint  #8) 

2B-He -P  (CH  .)  ,  e  C(CtH-)i‘  >  PH^-P(CH.)i'  +  P.H  +  C(C,H  ).H  [22] 

If  the  first  step  of  the  reaction  is 

B,;Hp-P(CHj)  +  C(C^H,),-  -♦  "B,;H  -PCCH)  +  C(C^H  )..H  [23] 

The  electrophile  "B-H  • P  (CH3) 3' "  will  abstract  a  ":BH"  unit  from.  B^Hp • P (CH . )  . 
and  liberate  the  stable  triborane(7)  adduct,  B  .H  ,  ■  P  (CH  . )  .  .  Further  extor.sicn 
of  this  generalized  view  is  obvious,  and  is  a  subject  of  further  study. 

4.  Tn-Situ  Addition  of  BH3  to  Borane  Frameworlt. 

When  B4Hb'PH3  was  treated  with  NaBH<  in  tet rahydro f u ran  the  following 
reaction  occurred  at  -40  °C  .  •  ^ 

B4He-PH3  +  Na'BHi;'  -»  Na  *B-H ; :  •  PH; '  +  H,  [24] 

The  reaction  (Equation  24)  is  thought  to  have  proceeded  in  two  steps: 

B,Hb-PH3  +  Na'BH^'  Na'B^Hs-PH;'  +  H;  +  "BH;."  [25] 

B-He'PH;'  +  "BH;.”  -»  B;H-.-.-PH;'  [26] 

It  is  known  that  BHj-PHi  and  B3H7'PH3  react  with  NaBH^  to  give  Na ' BH3 • PH  - ■ BH 3' 
and  Na'^B3H7  •  PH;  •  BH3",  respectively.^'-^®  In  these  two  reactions,  the  first 
step  is  the  deprotonation  of  the  phosphine  hydrogen  to  form  BH^-PH;"  and 
B3H;-PH;",  respectively,  in  manners  similar  to  that  shown  in  Equation  25. 

Then,  the  generated  BH;  (or  EjHg)  adds  to  the  phosphorus  atoms  of  these  anions 
to  give  the  BH3  •  PH;  •  BH3"  and  B3H  •  •  PH;  •  BH3"  anions.  The  B,;Hg-PH;"  anion  which  is 
produced  in  Equation  25,  however,  does  not  combine  with  BH3  at  the  phosphorus 
atom  to  form  B^Hg  • PH; • BH3~  .  This  is  because,  due  to  the  enhanced  borane 
acidity  of  the  B^Hg  fragment  relative  to  those  of  B3H7  and  BH3,  the  lone  pair 
electrons  on  the  phosphorus  atom  in  B^-Hg-PH;”  is  not  readily  available  for  the 
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P  ,  bond  foirrt'ion.  Instead,  tbc  qc-nc-rated  BH;  adds  to  the*  moiety  to 

q  i  ve  the  anion.  Shore  repoited'’  the  addition  of  BH3  to  B4H5": 

B.H/  ♦  1/2  B.Ht  -»  B.H;;'  [27] 

Thus,  the  B.HjPH  "  anion  betiaves  like  the  B-H  anion.  (Note  that  these  two 
anic.ns  are  i  s  oe  1  ec  t  r  on  1  c  to  each  ether.) 

The  In-situ  addition  cf  BKj  cf  this  type  may  further  be  developed  to  in¬ 
clude  higher  boiane  c.-mpound5,  and  m.ay  cenven ler.t  1  y  be  use.d  to  convert  s.Talicr 
borane  fragments  to  larger  stru'tures  by  the  use  cf  NaE.H;  in  place  of  B-Hg. 


B.  Formation  of  B2H4  Adducta  from  B3H'}  Adducts 
Bamkground  .  Reactions  of  t  r  iborar.e  ( 7 )  adducts  (B.H--L)  with  Lewis  bases 
(L')  can  proceed  in  twe  different  ways;  (1)  displacement  cf  the  ligand  base, 
and  (2)  cleavage  of  the  triberane  framewerk  into  the  adducts  of  and  EH_. . 

A  mechanism  was  proposed  for  these  reactions  by  Bitter  and  co-workers,'^  and 
by  Paine  and  Parry. Central  to  the  mechanism  is  the  fcrmiation  of  an  inter¬ 
mediate  B;.H--L'L'  which  subseq-uent  ly  proceeds  in  the  two  different  pathways 
depending  upon  the  nature  of  the  Lewis  bases  involved.  See  Scheme  1. 


Scheme  1 
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In  view  of  the  potential  use  of  the  B2H4  adducts  as  reagents  for  borane 
framework  expansion,  and  since  the  B3H7  adducts  are  a  convenient  source  of  the 
B2H4  adduct  preparation,  it  was  of  interest  to  investigate  in  more  details  the 
cleavage  pattern  of  B3H7  adducts.  This  study  was  rewarding  in  that  not  only 
the  formerly  elusive  B2H4 • 2N (CH3) 3  was  isolated  but  also  the  preparation  of  a 
mixed-ligand  adduct  B2H4 -N  (CH3)  3  ■  P  (CH3)  3^^  and  an  efficient  way  of  preparing 
amine  adducts  of  B2H4^'’  could  be  formulated  as  a  result  of  the  study. 

Preparation _ q£ _ B^H^-  2N  ^  and.B^H^-N  .  The  details 

of  these  studies  are  described  in  two  published  papers^^' reprints  of  which 
are  attached  to  this  report.  (See  Reprint  #3  and  #9) .  The  preparation  of 
B2H4 -N (CH3) 3 • P (CH3)  3  by  the  reaction  of  B3H7-P(CH3)3  with  N(CH3)3  is  superior  to 
that  involves  the  displacement  of  N(CH3)3  from  B2H4 • 2N (CH3 )  3  by  P(CH3)3;  the 
reaction  is  faster  and  the  product  is  purer.  In  addition,  the  quantitative 
formation  of  B2H4  •  N  (CH3)  3  •  P  (CH3)  3  has  provided  an  important  insight  into  the 
cleavage  pattern  of  triborane  adducts,  from  which  the  facile  preparation  of 
B2H4 • 2N (CH3)  3  was  developed. 

Formation  of  2N  from  B2H2- S  f  2.  Treatment  of 

B3Ht -3(0(13)  2  with  excess  N  (0(13)3  at  -80  ”0  in  dichloromethane  results  in  the 
immediate  formation  of  B2H4  •  2N  (0(13)  3 .  The  appropriate  equation  for  the 
reaction  is 

B3H7-S(0H3)2  +  3N(0H3)3  -♦  B2H4  •2N(0H3)  3  +  BH3-N(OH3)3  +  S(OH3)2.  [28] 

The  reaction  of  B3(l7  ■  N  (0(13)  3  with  N(CH3)3  to  form  B2H4  •  2N  (OH3)  3  proceeds 
slowly  at  0  ®0.^®  Therefore,  the  formation  of  B2H4  ■  2N  (0(13)  3  in  Equation  28  is 
not  the  result  of  initial  displacement  of  8(0(13)2  by  N  (0(13)3  bo  form 
B3H7-N  (0(13)3  followed  by  the  cleavage  of  the  63(17  fragment.  Instead,  the 
intermediate  63(17  •  S  (OH3)  2 -N  (CH3)  3  must  have  undergone  a  rapid  B(l3-adduct 
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[BH3-S(CH3)2  or  BH3-N(CH3)3]  elimination  upon  interaction  with  N(CH3)3 

according  to  pathway  b  or  c  in  Scheme  1. 

This  low  temperature  formation  or  B2H4  •  2w  3  should  have  a  wider  appli¬ 

cation  to  the  syntheses  of  certain  B2H^  adducts,  where  the  use  of  higher 
temperatures  is  prohibited  because  of  the  thermal  instability  of  the  adducts. 


C.  Base-Influenced  Fluxionality  of  B4H8  Adducts.^'’ 

Raolcpround .  In  1963,  Gaines  reported^  that  the  six  hydrogen  atoms  of  BpHg 
became  equivalent  on  the  NMR  time  scale  when  B2Hg  was  dissolved  in  diglyme  at 
room  temperature.  This  phenomenon  was  explained  by  a  weak  interaction  of  B2Hg 
with  the  solvent  ether  to  form  an  unstable  intermediate,  which  upon  reverting 
to  B2H6  the  terminal  and  bridge  hydrogen  atoms  are  interchanged. 


Nv 

E 


Hb  »a 


+OR2  ^  V 

- ^  —  B 


/ 

OR  2 


.  /  -OR2 
B— Ha - ■ 

\  ^ 

H  ^ 


[29] 


Thus,  the  rapid  H  atom  migration  is  induced  in  the  diborane  molecules  when  the 
co-existing  base  has  an  appropriate  base  strength  relative  to  the  strength  of 
the  B-H-B  bridge  bond. 

This  phenomenon  of  base-induced  fluxionality  should  be  a  common  occurrence 
among  the  lower  boron  hydride  compounds,  because  most  of  them  are  "electron 
deficient"  and  are  capable  of  interacting  with  Lewis  bases  to  form  more  opened 
structures  which  can  often  undergo  facile  rearrangements.  Elucidation  of  the 
interactions,  in  particular  those  with  weaker  bases,  is  of  considerable 
interest  to  us;  weak  bases  often  play  subtle  but  important  roles  in  the  trans¬ 
formation  of  borane  compounds. 

Bj_H£-SR2  in  SR^.  Shown  in  Figure  2  are  the  ^^B  NMR  spectra  (25.5  MHz, 
of  B4H8'S(CH3)2  in  two  different  solvents  (CH2CI2  and  S  (CH^)  2^  3t  two 
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different  temperatures.  Clearly,  when  B<Hg-S(CH3)2  is  dissolved  in  S(CH3);  the 
signals  of  the  and  B3  atoms  coalesce  at  +20  °C .  Similarly,  the  sarrie 

coalescence  was  observed  for  B^Hg • S  (C2H5)  2  and  B^Hg-THT  (THT=tet rahydrothio- 
phene)  in  S  (02115)2  and  THT,  respectively.  The  temperatures  of  coalescence 
paralleled  with  the  base  strength  of  the  thioethers;  B^Hg • S (CH3 ) 2 ;  +20  °C, 
B.;Hg-THT;  +30  °C,  B^Hg  •  S  (C2H5)  2  ;  +45  °C  . 


B4H8  SMe2 /n  SMej  B4H8  SMej /n  CH^C/p 


B3  B2  4  Bi 


Figure  2.  “b  KMR  spectra  of  B^Hg • S (CH3) 2  :  S (CH3) 2-induced  f luxionality . 

Many  tetraborane (8)  adducts,  B4Hg-L,  are  Itnown  to  combine  with  bases  to 
form  bis (base)  adducts  of  B^Hg.  The  stability  of  the  bis  (base)  adducts 
depends  upon  the  nature  of  the  Lewis  bases  involved,  and  generally  parallels 
with  the  strength  of  the  base  as  indicated  in  the  following  examples. 
®4hg'P(CH3)3  +  P(CH3)3  — »  B^Hg • 2P (CH3)  3  Stable  at  room  temp.^i  [30] 

B4H8-P(CH3)3  +  N(CH3)3  B4  Hg  •  N  (CH3)  3  •  P  (CH3)  3  Dissociate  at  room  temp.^^  [31] 

BijHg -N  (CH3)  3  +  N(CH3)3  B^Hg  •  2N  (CH3)  3  Isolable  <-40'’C^^  [32] 

B4H8-PH3  +  PH3  — »  No  Reaction^^  [33] 
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Thioethers  are  weaker  bases  than  N(CH3)3  but  stronger  than  FH.,  Therefore,  it 
is  reasonable  to  assume  that  B4Hg-SR2  interacts  with  SRp  to  forn.  an  ur.stahle 
bis  (base)  adduct: 

B^Hg-SRp  +  SRj  B-Hg-2SR2  [34] 

The  equivalency  of  the  Bp,  B3  and  B4  atoms  can  be  achieved  by  the  mechanism 
which  is  illustrated  in  Scheme  2. 


Scheme  2 


The  above  mechanism  for  the  B^Hg-SRp  signal  coalescence  suggested  that 
other  B^Hg  adducts  might  undergo  the  same  type  of  rapid  motion  when  dissolved 
in  thioethers.  Indeed,  the  Bp, 4  and  B3  signals  of  B4Hg-P(CH3)3  coalesced  at 
+20  °C  in  S(CH3)2  solution.  Trimethylamine  adduct  of  B4He,  however,  behaved 
differently;  in  dimethyl  t.+  ioether  its  62,4  and  B3  signals  did  not  coalesce  up 
to  +30  °C .  Even  the  broadening  of  these  signals  was  not  observed,  but  an 
extremely  broad  hump  (or  a  rise  of  the  base  line)  developed  in  a  range  from  0 
to  -5  ppm.  Recording  of  higher  temperature  spectra  was  prohibited  by  the 
decomposition  that  formed  BH5-N(CH3)3.  It  has  been  observed  that,  when 
N(CH3)3  is  attached  at  the  B’  position  of  the  B4Hg  fragment,  the  interaction 


References  on  pages  19-20 


14 


Final  Report 
DAAG29-85-K-0C3'; 


of  the  B4H0  adduct  with  t  e  second  Lewis  base  is  weak  (see,  for  example. 
Equation  32)  and  that  a  soft  base  appears  to  prefer  the  position  to  the 
position  if  the  choice  is  given.  Thus,  the  attachment  of  S(CH3)2  to  the  B2 
position  is  disfavored.  If  -N (CH3)  3 -S  (CH3)  2  is  formed,  it  would  have 

S(CH3)2  and  S' (CH3)  3  at  B;  and  B2  positions,  respectively.  It  is  possible  that 
the  broad  hump  at  0-5  ppm  is  due  to  the  formation  of  this  bis (base)  adduct. 

The  complexity  of  base-influenced 
fluxionality  was  further  observed  on 
B4H6 -2?  (CH3)  3  and  B<;He  ■  2N  (CH3)  3  .  As  di- 
agramir.at ically  shown  in  Figure  3,  the 
fluxional  motion  of  B^Hg • 2P (CH3) 3  is 
slowed  down  in  the  presence  of  free 
P(CH3)3,  N(CH3)3  or  tetrahydrofuran, 
whereas  that  of  B^Hg • 2N (CH3)  3  appears 
to  be  fast  even  at  -80  °C  and  even  in 
the  presence  of  free  N(CH3)3.  Further 
experimental  and  theoretical  studies 
are  needed  for  the  better  understanding 
of  these  phenomena. 

D.  Polyboron  Complex  Cations. 

During  the  previous  contract  period,  salts  of  the  triboron  complex  cation 
B3H6 • 2P (CH3)  3*  was  isolated  and  characterized.  In  view  of  the  possible  reac¬ 
tion  of  such  cations  with  anionic  borane  species  to  form  larger  boron  hydride 
compounds,  a  number  of  polyboron  cations  were  synthesized.  A  review  of  this 
new  generation  of  compounds  was  presented  as  one  of  the  session  lectures^®  at 
the  Sixth  International  Meeting  on  Boron  Chemistry  (IMEBORON  VI),  which  was 
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Figure  3.  Diagrammatical 
representation  of  ’^-B  NKR  spectra 
of  B^Hg •2N (CH5) 3  and 
B,Hg-2P(CH3)3. 
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held  at  Bechyne,  Czechoslovakia  in  June,  1987.  A  reprint  of  the  paper  is 
attached  to  this  report.  See  Reprint  #8.  In  this  section,  therefore,  the 
description  is  limited  to  the  latest  development  that  was  made  after  the 
review  writing. 

The  2^  oat-  ion  ■  35, 36  Treatment  of  B4H7  •  2P  (CH3)  3*  with  a  molar 

equivalent  of  P(CH3)3  resulted  in  the  formation  of  the  B4H7 • 3P (CH3) 3*  cation. 

B4H7 -2?  (CH3)  3+  +  P(CH3)3  B4H7 -3P  (CH3)  3-*  [35] 

The  general  formula  for  this  cation  is  B,,Hn  +  3  ‘  3L’',  and  thus  represents  a  new 
homologue  of  polyboron  complex  cations.  The  cation  reacted  further  with 
P(CH3)3  to  give  cleavage  products. 

B4H7 -3?  (CH3)  3*  +  2P(CH3)3  ^  B3H.;  •  4P  (CH3)  3’  +  BH3-P(CH3)3  [36] 

The  above  reactions  (Equation  35  and  36)  are  analogous  to  those  observed 
for  the  corresponding  isoelectronic,  neutral  borane  compounds: 

B4H8-P(CH3)3  +  P(CH3)3  B^Hp  •  2P  (CU3 )  3  [37] 

B.Hg-2P (CH3) 3  +  2P{CH3)3  -»  B3H5-3P (CH3) 3  +  BH3-P(CH3)3.  [38] 

The  difference  between  the  two  reaction  systems  is  that  reaction  38  is  always 
accompanied  by  reaction  39. 

B4H8-2P(CH3)  3  +  2P(CH3)3  ->  2B3H<  •  2P  (CH3 )  3 ,  [39] 

whereas  the  corresponding  cleavage  reaction  for  B^H 7 • 3P (CH3) 3* , 

B4H7-3P(CH3)3-'  +  2P(CH3)3  B3H3  •  3P  (CH3 )  3*  +  B^H^  •  2P  (CH3 )  3 ,  [40] 

was  not  observed.  It  is  possible  that  the  reaction  (Equation  40)  had 
occurred,  but  that  the  products  had  undergone  a  reaction,  in  which 
B2H^ -2? (CH3)  3  served  as  the  reagent  for  framework  expansion.  See  Equation  41. 

B2H3-3P(CH3)3'*  +  B2H4  •2P  (CH3)  3  B3H,-4P(CH3)3*  +  BH3-P(CH3)3  [41] 

Reaction _ oi _ B^H^- P  (CH^^  -  Formation  of  P  ^ ■ 

Both  similarities  and  differences  between  the  reactions  of  polyboron  complex 
cations  and  their  corresponding  isoelectronic,  neutral  compounds  have  been 
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encountered,  and  are  described  in  the  review  paper  (Reprint  #8).  In  general, 

PCCHj)^  either  adds  to  the  polyboron  cations  or  cleaves  the  poiyboron 
framework.  However,  B^Hg • P (CH3)  3*  cation  undergoes  the  reaction  shown  in 
Equat ion  42  . 

B,He -p  (CH3)  3-  +  P(CH3)3  -»  B3H7-P(CH3)3  +  HP  (CHj)  3*  [42] 

The  newly  formed,  adduct  B3H7-P(CH3)3  is  characterized  by  its  '-*B  signals  that 
appear  at  -56.3  (d.  Jbp=80  Hz),  -24.5  (d,BH)  and  -23.7  pom  (d,BH).  The 
compound  decomposes  above  -50  °C .  The  B^Hg -P (CH3)  3*  cation  is  isoelectronic 
with  B5H9.  The  protic  acid  character  of  B^Hg  has  been  demonstrated  by  its 
reaction  with  al)rali  metal  hydride  or  ammonia  to  form  However,  the 

reaction  of  B5H9  with  P(CH3)3  gives  B5H9 • 2P (CH3) 3 . ^8  Apparently,  the  protonic 
character  of  the  bridge  hydrogen  atoms  in  the  B^Hg  •  P  (CH3)  g'*  cation  is  enhanced 
by  the  ionic  charge,  and  therefore  the  deprotonation  is  facilitated.  Complete 
characterization  of  the  cation  including  its  chemical  behavior  is  yet  to  be 
completed. 

Reactivities  of  borane  compounds  are  often  changed 
drastically  depending  upon  the  nature  of  Lewis  bases  involved  as  ligands  or 
solvents.  Having  established  several  definable  reactions  involving  P(CH3)3, 
our  efforts  were  directed  to  the  study  of  systems  involving  weak.er  Lewis 
bases.  The  synthetic  study  of  BgHg • 2S (CH3)  p*  was  thus  initiated. 

Treatment  of  B3HtS{CH3)2  with  C  (CgHs)  in  the  presence  of  SCCHj)^  gave 

the  BF.."  salt  of  a  cation  which  is  tentatively  identified  as  B3H6  •  2S  (CH3)  p* . 

B3H7-S(CH3)2  +  C(C6H5)3-"BF,;-  +  SCCHg)^  BgHg  •  2S  (CH3 )  p-BF^'  +  C(C6H5)3H  [43] 
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The  cation,  B3H6  •  2s  (CH3)  2'* .  is  characterized 
by  its  NMR  signals  at  -26.8  and  -8  ppm  in 


.  B  .  * 


a  relative  intensity  ratio  2:1.  The  signal 


at  -8  ppm  is  broad  and  assigned  to  the  BH2 
unit.  See  Figure  4.  The  salt  decomposes  at 


room  temperature . 


- \~SR2 

SR2  ^ 

Figure  4.  B^Hg • 2S (CH3)  ; ' 


The  reaction  43  is  always  accompanied  by  a  reaction  which  forms 
B3H6F-S <CH3)2  (Equation  44). 

B3H,-S{CH3)2  +  C  (CeH^)  a-'BF^-  ^  B3H6F-S  <CH3)2  +  C(CfcHi)3H  +  BF3  [44] 

When  B3H3-S(CH3)2  was  treated  with  C  (CgHj)  3'’BF4'  at  -80  “C  in  CHjCl;  in  the 
absence  of  S(CH3)2f  the  f luorotriborane  formation  (Equation  44)  proceeded 
exclusively.  Because  of  the  weak  B-S  bond  (relative  to  the  B-P  and  B-N  bonds) 
and  the  unprecedented  fluoro  derivative  of  triborane (7 ) ,  the  reaction 
chemistry  of  these  species  should  be  of  great  interest. 

The  f luorotriborane  adduct  showed  the  --B 
NMR  signals  at  +15.5  (d,  JBr=65  Hz),  -19.3  and  SR2 

-27.2  ppm,  which  are  assigned  to  the  Bp,  B3  ^  / 

/ 

and  Bi  atoms,  respectively.  See  Figure  5.  /  \ 


The  NMR  signal  was  at  -170  ppm  (Refer¬ 
ence  ;CFCl3).  The  compound  decomposed  above 
-23  °C  to  give  B5H9,  BF3-S(CH3)2  and 


B 

3' 


B  ~F 
\2 


Figure  5.  B  .H, F • S (CH . )  , 


BH3 ■ S (CH3) 2  . 
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Novel  Coordination  of  a  Neutral  Borane  Adduct  to 
Nickel(O).  Fonnation  of  Ni(CO)j[BjH4'2P(CH3)j] 

Sir: 

Recently  we  reported'  the  synthesis  and  characterization  of 
Zn(II)  and  Cu(l)  complexes  of  bis(trimcthylphosphine)-di- 
borane(4),  B2H4*2P(CH3)3.  These  compounds  represented  the 
first  examples  of  metal  complexes  of  a  neutral  borane  adduct  and 
featured  coordination  of  the  boron  hydride  ligand  to  the  metal 
via  two  B-H-M  bridges.  This  bidentate-bridging  mode  of  co¬ 
ordination  had  previously  been  observed  primarily  in  complexes 
of  the  BH4',^  and  BjHf  borane  anions.  Of  these 

complexes  of  the  anions,  only  a  few  are  known  to  have  Che  metal 
center  in  oxidation  state  zcto.’  So  far  there  have  not  been  reports 
of  these  anions  complexing  to  the  Ni(0)  center.  We  now  report 
that  the  neutral  borane  adduct  B2H4<2P(CH3)3  will  react  with 
Ni(CO)4  to  form  a  stable,  isolable  Ni(0)  complex,  Ni(CO)2- 
[B2H4'2P(CH3)3],  which  contains  two  B-H-M  bridge  bonds  to 
the  Ni(0)  center. 

The  new  nickel  complex  was  formed  by  the  direct  reaction  of 
Ni(CX>)4  and  B2H4>2P(CH3)3  in  dichloromethane  at  room  tem¬ 
perature  according  to  eq  1 .  To  drive  the  reaction  forward,  the 

Ni(CO)4  +  BiH4-2P(CH,)3 

Ni(CO)2(B2H4-2P(CH3)3]  +  2CO  (1) 

carbon  monoxide  had  to  be  removed  from  the  reaction  system  as 
it  was  produced,  until  approximately  80-85%  of  the  reaction  was 
complete.  The  product  could  be  isolated  by  adding  pentane  to 
its  cold,  concentrated  toluene  solution  and  thus  precipitating  it 
as  a  green-yellow  solid  that  was  reasonably  air  stable  at  room 
temperature.  Dichloromethane  solutions  of  the  isolated  compound, 
however,  decompose  above  -10  *C  to  unidentifiable  products. 
Attempts  to  force  reaction  1  to  completion  by  further  removal 
of  carbon  monoxide  beyond  the  extent  indicated  above  resulted 
in  the  sudden  decomposition  of  the  product,  with  deposition  of 
nickel  metal  in  the  reaction  system. 

The  reaction  stoichiometry  (observed:  CO  evolvedicomplex 
formed  ^2:1)  and  the  elemental  analysis  of  the  compound  (Anal. 
Found:  Ni,  19.9.  Calcd:  Ni,  20.1)  supported  the  formula  Ni- 
(C0)2(B2H4-2P(CH3)3]  for  the  new  nickel  complex.  The  "B 
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Figure  1.  Proposed  structure  of  Ni(CO)2[B2H4-2P(CH3)3]. 

NMR  spectrum  of  the  compound  features  a  broad  signal  at  -44. 1 
ppm  [BF3*0(C2H5)2  standard)  with  a  triplet  structure,  which  is 
similar  to  the  "B  NMR  signal  of  the  previously  characterized 
CuUP(C6H5)3)[B2H4-2P(CH3)3]  complex.'  The  'H  ("B-spin 
decoupled)  spectrum  shows  three  signals  in  a  18:2:2  relative  in¬ 
tensity  ratio.  The  most  intense  signal,  at  +1 .26  ppm,  is  a  doublet 
8.5  Hz)  and  is  assignable  to  the  methyl  protons  of  the 
trimethylphosphine  groups.  The  signal  at  -0.21  ppm  is  assigned 
to  the  terminal  hydrogens  bound  to  boron  and  that  at  -2.42  ppm 
to  the  hydrogens  in  the  two  B-H-Ni  bridges.  Thus,  the  NMR 
data  support  the  structure  shown  in  Figure  1 ,  in  which  the  By- 
H4'2P(CH3)3  ligand  is  oomplexed  in  the  bidentate-bridging  mode 
similar  to  that  in  the  Zn(Il)  and  Cu(I)  complexes  previously 
characterized.' 

The  infrared  and  mass  spectral  data  gave  further  support  to 
the  above  structural  assignment.  The  major  features  of  the  in¬ 
frared  spectrum  include  a  sharp,  strong  absorption  at  2322  cm"' 
(terminal  B-H  stretch),  a  broad  strong  absorption  at  1895  cm"' 
(B-H-M),  and  two  CO  bands  at  1933  and  1909  cm"'.  The 
distribution  and  intensities  of  absorptions  below  17(X)  cm"'  are 
very  similar  to  those  of  the  Zn(II)  and  Cu(I)  complexes  of  B2- 
H4’2P(CH3)3.'  In  the  mass  spectrum,  the  parent  ion  cluster  is 
seen  centered  at  m/z  -  292  with  separate  clusters  for  successive 
losses  of  CO  at  m/z  =  264  and  236. 

When  Ni(CO)2(B2H4*2P(CH3)3]  was  treated  with  anhydrous 
hydrogen  chloride,  the  B-B  bcMid  of  the  borane  ligand  was  cleaved, 
producing  BH3'P(CH3)3  and  BH2C1'P(CH3)3.  Treatment  of  a 
dichloromethane  solution  of  the  compound  with  excess  carbon 
monoxide  at  room  temperature  caused  rapid  displacement  of  the 
B2H4-2P(CH3)3  ligand,  reafTirming  the  equilibrium  nature  of  the 
Ni(CO)4-B2H4*2P(CH3)3  reaction  system.  Furthermore,  the 
reactions  of  the  complex  with  a  series  of  phosphines  of  different 
coordinative  strength  gave  an  insight  into  the  strength  of  binding 
of  the  B2H4-2P(CHj)3  ligand  to  the  Ni(0)  center:  The  ligand  is 
displaced  rapidly  and  completely  by  PF3  at  -80  *C,  rapidly  by 
PfCjHslj  at  -40  ®C,  and  slowly  by  PH3  at  -20  “C.  Thus,  the 
bidemate  coordinative  bond  of  this  b^ne  ligand  is  not  very  strong, 
and  this  property  can  be  utilized  for  the  facile,  low-temperature 
preparation  of  certain  Ni(0)  complexes  with  the  formula  Ni(C- 
0)2L2,  The  above  reactions  yielded  Ni(CO)2(PF3)2.  Ni(CO)2- 
IP(CjHs)3]2,  and  Ni(CO)2(PH3)2.  respectively.  Further  study 
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on  the  complexes  of  the  BjH4-2P(CH3)3  ligand  involving  other 
metals  in  oxidation  state  zero  and  their  reaction  chemistry  is  in 
progress,  and  the  results  will  be  reported  elsewhere  at  a  later  date. 

AcknowledgmenL  The  authors  acknowledge  the  support  of  this 
work  by  the  U.S.  Army  Research  Office  through  Grant  DAAG 
29-81-K-OlOl.  Thanks  are  due  to  W.  E.  Buhro  for  obtaining  the 
FT-IR  spectra  and  to  Dr.  T.  R.  Sharp  for  obtaining  the  mass 
spectra.  The  mass  spectrometer  was  acquired  by  this  department 
through  the  funds  from  National  Science  Foundation  and  from 
the  University  of  Utah  Institutional  Funds  Committee. 

Registry  No.  Ni(CO)2[BjH4-2P(CH3)j],  94890-80-9;  NiiCO)^. 
13463-39-3;  BHj-PfCHj),.  1898-77-7;  BHjCl-PfCHj),.  64160-46-9; 
NifCOIjfPFjlj.  13859-78-4;  NifCOIjIPiQHj),],.  13007-90-4;  Ni(C- 
0)2(PHj)2,  83365-30-4. 

Department  of  Chemistry  Steven  A.  Snow 

University  of  Utah  Goji  Kodama* 

Salt  Lake  City.  Utah  841 12 

Received  November  9.  1984 


\ 


Reprint  #2 
Attached  Document 
Final  Report 
DAAG29-85-K-0034 


Repriatad  from  laorgaaie  Chooiistry,  IMS,  24,  2712 

Copjrriiht  ®  IMS  by  th«  Anericaa  Cbamlcal  Soeiaty  pad  rapriatad  Iqr  paratiaaioa  of  tba  eapyvlfkt  awaar. 


Contribution  from  the  Department  of  Chemistry, 
University  of  Utah,  Salt  Lake  City,  Utah  84112 


Syathaab  of  tbc 

HaptahydroMa<triawtbylpboafbiae)tetraboroB(I+)  Cation 

Mitauaki  Kameda  and  Goji  Kodama* 

Receivtd  December  II,  1984 

The  triboron  complex  cation  BjH*-2P(CHj)j* '  represents  the 
first  example  of  Lewis  base  attached  boron  cluster  cations,  and 
some  novel  reactions  involving  this  cation  were  reported  recently.^ 
While  iu  reaction  chemistry  continues  to  be  an  intriguing  subject 
of  study,  the  search  for  other  members  of  the  polyboron  complex 
cation  family  is  of  natural  interest.  Several  members  are  known 
to  exist  in  each  of  the  related,  neutral  L  ~  Lewis  base) 

and  anionic  (BaH^H-j')  boron  hydride  families.* 
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F1t>r*  I-  "B  NMR  (32.1  MHz)  spectra  of  B4H^2P(CH,),*BF«-  in 
CHjCI]  at  ambient  temperature;  (a)  normal  spectrum:  (b)  proton- 
spin-decoupled  spectrum. 


The  above  mentioned  triboron  cation  was  prepared  by  the 
addition  of  the  cationic  species  BH]*^  to  the  neutral  borane  adduct 
B]H4-2P(CH3)3.'  Another  borane  cation  of  different  type, 
was  prepared  alio  by  the  addition  of  the  H'*'  cation  to  An 

aitemative  approach  to  the  synthesis  of  a  cationic  borane  species 
would  be  the  abstraction  of  a  hydride  anion  (or  any  anionic  species) 
from  an  appropriate,  neutral  borane  compound.  This  method  was 
employed  in  1970  by  Benjamin  and  oo-woricers‘  for  '‘'e  preparation 
of  the  H3BLL'*  cations.  They  treated  the  Lewis  oase  adducts 
of  boraneO)  with  triphenylcarbenium  (trityl)  cation  in  the 
presenoe  of  Lewis  base  L' to  suooem/uUy  synthesize  the  monoboron 
complex  cations. 

The  abstraction  of  the  hydride  km  would  be  facilitated  if  the 
hydridk  character  of  the  hydrogen  atoms  in  the  borane  compound 
were  enhanced.  Boron  hydride  anions  represent  the  obvious, 
extreme  case  where  can  be  abstracted  easily.  With  regard 
to  the  neutral  borane  adducts,  one  expectt  that,  the  stronger  the 
donor  property  and  the  larger  the  number  of  the  Lewis  bases 
involved,  tlM  more  hydridk  the  borane  hydrogen  would  be.  The 
hyplKxlass  tetraborane  adduct  B4Hr2P(CH3)3^  therefore  wu 
chosen  for  its  conversion  by  means  of  the  hydride  abstraction  into 
the  tetraboron  complex  cation.  The  desired  cation  formation 
occurred,  and  iu  tetrafluoroborate  salt  could  be  isolated. 


Synthsals  and  Characterfaatien  ef  B4Hr2P(CH3)3'*'BF«~,  When 
bis(trimetbylphosphine)-tetraborane(8)  was  mixed  with  trityl 
tetrafluoroborate  in  dichloromethane,  tte  following  reaction  oc¬ 
curred  above  -80  ®C: 

B4H,.2P(CH3)3  -*•  (C4H5)3C®BF4-  - 

B4Hr2P(CH3)3*BF4-  +  (C4Hj),CH  (1) 

The  reaction  was  virtually  quantitative.  After  the  evaporation 
of  the  solvent,  the  salt  of  the  tetraboron  cation  could  be  separated 
from  the  solid  residue  by  washing  it  with  toluene.  The  new 
compound  is  soluble  in  dichloromethane  but  insoluble  in  toluene. 
It  is  very  sensitive  to  moisture.  Once  the  compound  is  exposed 
to  the  slightest  amount  of  moisture,  the  B3H4-2P(CH3)3'^  cation 
is  produced  from  it. 

Shown  in  Figure  I  are  the  "B  NMR  spectra  of  B4H7-2P- 
(CH3)3^BF4~  in  dichloromethane  at  ambient  temperature.  Also 
shown  in  the  figure  is  the  structure  of  the  cation,  which  is  proposed 
on  the  basis  of  the  observed  "B  and  ^'P  NMR  spectra.  The  sharp 
signal  at  -I . I  ppm  is  due  to  the  BF4'  anion.  The  multiplet  signals 
at  -48.3  and  -14.2  ppm  unequivocally  indicate  the  presence  of 
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Figure  2.  -HO  to  ~-20  ppm  portions  of  "B  NMR  spectra  of  6487-2?- 
(CH])3*BF4~,  indicating  the  multiplet  features  of  the  B(3)  and  B(4) 
signals:  (a)  normal  spectrum:  (h)  proton-spin-decoupled  spectrum. 

two  different  B(H)P(CH3)3  moieties  in  the  cation.  The  more 
shielded  of  the  two  is  attributed  to  the  apex  boron  atom  (or  the 
boron  atom  opposite  to  the  B-H-B  bridge  bonds).'  The  broad 
hump,  which  centers  around  -1-2  ppm  and  partly  overlaps  with 
the  BF4'  signal,  consists  of  two  sign^.  In  the  'H-spin-decoupled 
spectrum  (Figure  lb)  the  feature  of  two-signal  overlap  may  be 
discerned.  The  relative  intensity  ratio  of  this  bump  (excluding 
the  BF4'  signal)  to  the  other  two  B(H)P(CH3)3  signals  was 
measured  to  be  1.8;  1.0;  1.0.  Shown  in  Figure  2  is  the -f  10  to — 20 
ppm  portion  of  the  spectrum  of  a  separate  sample,  which  was 
recorded  for  a  closer  look  at  the  spectral  features  in  this  region. 
As  indicated  in  the  figure,  the  broad  hump  consists  of  a  triplet 
and  a  doublet  (Figure  2a),  each  of  which  reduces  to  a  singlet  upon 
imdiatiQn  of  the  sample  with  the  'H  resonance  frequencies  (Figure 
2b).  Thus  the  cation  is  of  C|  symmetry,  and  assignments  are  made 
for  the  four  signals  as  follows:  B(l),  -48.3  ppm  (Jg,  *  126  Hz, 
Jm  -  106  Hz):  B(2),  -14.2  ppm  (/«  -  1 15  Hz.  /gn  "  >22  Hz); 
B(3).  +0.75  ppm  (d,  Jm  «  120  Hz);  B(4),  +2.7  ppm,  (t, 
a*  120  Hz).  The  "PI'Hl  NMR  ipecuiim  at  121.5  MHz  clearly 
showed  two  overlapping  1:1;1;1  quartet  signals  at -6.1  (P(2),ygp 

1 10  Hz)  and  -4.6  ppm  (P(l),  /|r  *  127  Hz).  Thus,  like  those 
of  the  trio  B3H,-.  B3H7'P(CH,),,  and  B,H*-2P(CH3)3^.  the 
structures  of  B4H,-,»  B4H,-P(CH,)„*  and  B4Hr2P(CH3),*  are 
closely  related.  Replacement  of  H'  by  P(CH3)3  at  the  1 -position 
of  the  B4H«'  structure,  followed  by  the  same  replacement  at  the 
2-pasition  of  the  resulting  B4H|*P(CH3)3,  completes  the  structures 
of  the  tetraboron  trio. 

Octahydrotrlbonte(l-)  Sah  of  the  Tetraboron  Cation.  Bis- 
(trjmethylpbosphine)-tetrabor8ne(8)  reacted  with  tetrahydro- 
futan-tribarane(7)  to  give  the  B3H|"  salt  of  the  tetraboron  complex 
cation. 


B4H,.2P(CH,)3  +  B3H7THF-^|^ 

B4Hr2P(CH,)3*B3H,-  +  THF  (2) 

The  reaction  proceeded  at  a  moderate  rate.  The  B3H1'  salt, 
however,  converted  slowly  at  room  temperature  into  the  tri- 
methylpbospbine  adducts  of  B4H1  and  B3H7. 

B4Hr2P(CH3)3*B,H,-  —  B4H,-PMe3  +  BjH7-PMe3  (3) 

This  exchange  of  P(CH3)3  for  H~  between  the  cation  and  the  anion 
indicates  that  the  hydride  abstraction  (eq  2)  is  the  process  that 
is  kinetically  favored  over  the  alternative  phosphine  abstraction. 

Tetraborane(10)  reacted  with  B4H|-2P(CHj)3  to  give  the  BjH,‘ 
salt  also. 

B4H,.2P(CH3),  +  B4H,o-^ 

B4H7-2P(CH,)3*B3H,-  +  VjBjH,  (4) 

Here  again,  the  hydride  abstraction  is  the  kinetically  favored 
process.  This  and  the  above  reaction  of  B3HrTHF  (eq  2)  contrast 
with  the  reaction  of  B2H4  with  B4Hf2P(CH3)3^ 


(8)  Herminek,  S.;  Pleiek,  1.  Z.  Anorg.  Allg.  Chem.  1*74.  409,  1 15 
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Am.  Chtm.  Soc.  I*7S.  97,  5395 


2714  Inorganic  Chemistry,  Vol.  24,  No.  17,  1985 


Notes 


room  temp 

B4H,.2P(CH3)j]2  +  VtBjH.  —  — 

B4H,-P(CHj)3  +  BH3.P(CH3)3  (5) 

in  which  no  evidence  for  the  formation  of  the  B2H7'  or  BH/  salt 
of  the  B4Ht*2P(CH3)j'^  cation  could  be  found  while  the  reaction 
was  monitored  with  the  use  of  a  “B  NMR  spectrometer,  starting 
at  -80  ‘C. 

Diborane(6)  or  tetrahydrofuran-borane(3)  is  capable  of  ab¬ 
stracting  hydride  from  borane  compounds.  The  reactions  of 
BH3-N(CH3)2-,  (BH3)2SC2Hs-,  and  B4H,-P(CH3)3-  with  B2H4 
give  m-{CH3)2N.B2H3,'''  m-(C2H5)SB2Hj,"  and  B4H,.P(H,)„'^ 
respectively,  the  BH4'  salt  of  the  Na'^  or  K*  cation  being  another 
product  in  each  of  the  reactions.  The  formation  of  the  B2H7'^ 
anion 

H  H 

H  —  B — H — B — H" 

H  H 

offers  an  example  of  the  significant  interaction  of  the  BH3  acid 
with  the  hydridic  hydrogens  in  BH4~.  Indeed,  it  would  be  this 
type  of  B-H-B  interaction  that  makes  the  hydride  transfer  ki- 
netically  favorable  over  the  phosphine  transfer  in  the  above  re¬ 
actions  (eq  2  and  4).  That  is,  the  terminal  hydrogen  atoms  are 
exposed  to  the  attacking  borane  acids  for  the  facile  interaction. 
Apparently,  the  acid  strength  or  the  hydride  affinity  of  B3H7  and 
B4H10  is  strong  enough  to  effect  the  hydride  transfer  to  these 
attacking  acids  after  the  intermediates  involving  the  B-H-B  bonds 
are  formed,  whereas  the  hydride  afTmity  of  B2H4  or  BH3  is  not 
high  enough  to  allow  the  H'  transfer  to  occur.  A  similar  ex¬ 
planation  based  on  the  hydride  affinity  difference  was  used  to 
account  for  the  strikingly  different  behavior  between  the  B3H|' 
salt  of  the  B}Hc2P(CH))]]]^  cation  and  the  B2H7'  salt  of  the  same 
cation.’ 

Eagirlmtal  SoctiM 

Gsasral  Data.  Conveatiooal  vacuum-line  techniques  were  used 
throughout  for  the  handling  ef  volatile  and  air-sensitive  compounds.  The 
sources  of  BjH^,  B4H10.  CH2CI],  and  tetrahydrofuran  are  described 
dsewhoe.’  Tolueiie  (reagent  grade)  was  refluxed  and  stored  over  CsHj. 
Trityl  tetrafluorobarate  (Alfa  Products)  wu  dried  on  the  vacuum  line 
before  use.  The  NMR  spectra  were  recorded  on  a  Varian  XL-tOO-IS 
spectrometer  operating  in  the  FT  mode.  A  Varian  SC-300  spectrometer 
wu  used  to  obtain  the  '*P  NMR  spectre.  The  shifU  were  expressed  with 
respect  to  BF3.^C]Hs)3  and  83%  orthophosphoric  acid.  Low-fldd  shifts 
were  taken  positive. 

Syalhsals  ef  B4HrlP(CH3)3*BF4'.  From  0.33  mmol  of  B3H11  and 
1.66  mmol  of  trimethylpbaephine,  with  the  uu  of  a  lublimatioo-umpling 
apparatus,'*  B4H|.2P(CH3)3]3  wu  prepared^  and  wu  placed  in  a  22- 
mm-o.d.  reaction  tube  equipp^  with  a  24/40  inner  joint  and  a  lO-mm- 
o.d.  side  lube  (for  the  later  introduction  of  the  C(C4H3)]*’BF4'  umple 
into  the  reaction  tube).  The  adduct  wu  dissolved  in  3.3  mL  of  CH2CI2. 


(10)  Keller,  P.  C.  fnorf.  CAem.  1971,  10,  1528. 

(11)  Mielcsrek,  Keller,  P.  C.  J.  Chtm.  Soc.,  Chem.  Commun.  1972, 
1090. 

(12)  Shimoi.  M.:  Kodama,  G.  /norg.  Chem.  1983, 12,  1542. 

(13)  Brown.  H.  C.;  Stehle,  P.  F.;  Tierney,  P.  A.  J.  Am.  Chem.  Soc.  1939, 
79.  2020.  Shore,  S.  G.;  Lawrence,  S.  H.;  Watkins,  M.  I.;  Bau,  R.  J. 
Am.  Chem.  Soc.  I9B2.  104,  7669. 

(14)  Dodds.  A.  D.;  Kodama.  G.  Inorf.  Chem.  1979,  IS.  1465 


and  the  solution  was  frozen  at  -197  *C.  A  0.535  mmol  sample  of 
C(C4Hs)3*'BF4'  wu  placed  above  the  frozen  solution  through  the  side 
tube  under  the  atmosphere  of  dry  nitrogen  gu,  the  side-tube  wu  sealed 
off,  and  the  vessel  wu  evacuated.  The  reaction  occurred  at  -80  "C  as 
evidenced  by  the  change  of  color  of  the  solution  from  a  dark  yellow  to 
a  pale  brown  in  10  min.  Piecu  of  solid  (the  trityl  salt)  were  still  seen. 
The  mixture  wu  allowed  to  warm  stepwise  to  -60,  -45,  -23,  and  0  °C 
and  room  temperature  while  it  wu  stirred  for  10  min  at  each  of  the 
temperatures.  The  solution  wu  clear,  and  no  noncondensable  gu  was 
found.  Then  the  solvent  wu  pumped  out,  and  the  tube  containing  an 
off-white  solid  residue  wu  transfered  to  a  filtration  unit.  The  solid  wu 
washed  with  toluene  until  nothing  could  be  extracted,  and  then  the  re¬ 
maining  solid  was  washed  into  another  tube  with  CH2CI2.  Removal  of 
the  solvent  from  the  solution  by  evaporation  gave  a  white  solid  of 
B4Hr2P(CH3),*BF4-.  Anal.  Calcd  for  B5C4H2JP2F4:  B,  18.7%.  Found: 
18.4%. 

RokIIm  of  B4H|'2P(CH3)3  with  B3HrTHF.  A  0.54-mmol  sample  of 
solid  BsHt-THF  wu  prepar^'’  in  a  19-mm-o.d.  tube  equipped  with  a 
standai^  taper  inner  joint,  and  the  adduct  wu  dissolved  in  1.5  mL  of 
CH2CI2.  A  0.53-mmol  sample  of  B4H|-2P(CHj)3  wu  prepared  in  the 
same  manner  u  described  above,  and  placed  in  a  9-mm-o.d.  tube 
equipped  with  a  stopcock  and  an  outer  joint.  The  tube  containing  the 
B]HrTHF  solution  wu  atuched  to  the  9-mm  tube  through  the  joints, 
the  system  wu  evacuated,  and  the  solution  wu  poured  onto  the  B4Hs- 
2P(CH])]  sample  at  -80  *C.  The  BsHt-THF  that  wu  adhering  on  the 
wall  wu  gathered  above  the  solution  in  the  9-mm  tube  by  cooling  the 
lower  end  of  the  tube  to  -197  *C.  The  mixture  wu  mixed  to  a  uniform 
stdution  at  -80  *C,  placed  in  the  cold  probe  of  the  NMR  spectrometer, 
and  examined  for  its  change,  starting  at  -80  *C. 

No  change  could  be  teen  until  the  temperature  wu  raised  to  -10  *C, 
where  a  very  weak  signal  of  B|H|'  could  be  detected.  At  this  tempera¬ 
ture,  the  progrete  of  the  reaction  wu  very  alow.  At  4-10  *C  the  growth 
of  the  B3H1'  and  B4H7-2P(CHi)j*'  signals  wu  reasonably  fut.  At  +20 
*C  the  reaction  wu  almost  complete  in  3  min.  At  thii  time  the  signals 
of  BiHrPfCHs)!  could  be  detected.  The  signals  of  B4H|-F(CHj)]  and 
BrHrPfCHr)!  grew  steadily  at  the  expenu  of  the  B4Hr2P(CHs)i*B^r 
signals,  and  1.3  h  later  the  spectrum  showed  that  tte  solutioo  oontained 
B4HfP(CH3)3  and  B]HrF(CH])3  in  a  1:1  molar  ratio,  the  minor  con- 
taminanu  bi^  BrH^  BH3>P(CH))),  B]H«>2P(CH)))*^,  and  BrHs*. 

RencBen  ef  B4H4*2P(CH3)3  with  BsHie-  A  1.1-mmol  sample  of  B4- 
Hf2P(CH|)3  wu  prepared  in  a  I0-miii-o.d.  tube  equipped  with  a  stop¬ 
cock,  and  the  adduct  wu  dissolved  in  about  2  mL  of  CH2O2.  A  1.1- 
mmol  sample  of  B4H10  wu  condensed  in  the  tube  and  wu  mixed  into  the 
solution  at  -80  *C.  The  change  in  the  solution  wu  monitored  on  the 
NMR  spectrometer,  surting  at  -80  *C. 

No  change  could  be  detemed  until  the  solution  wu  warmed  to  -20  *C 
where  the  signals  of  B3H1'  and  B4Hr2P(CH3)3*’  began  to  appear.  At 
-10  *C  the  reaction  wu  fairly  fut,  and  the  B]H«  signal  grew.  At  +20 
*C  the  B4Hr2P(CH|))*B,H|*  formation  wu  fut  and  appeared  to  be 
completed  in  a  few  minutes.  At  this  time  the  wuk  si^^  of  BsHr 
PfCHsli  and  B4HrP(CH3)3  were  present  in  the  spectrum  of  the  solution. 
Minor  signals  due  to  B3H,  and  BH|-P(CH3)3  *'9re  detected  also. 

Acknawledf  Ml  nt.  The  authors  acknowledge  support  of  this 
work  by  the  U.S.  Army  Research  Office  through  Grant  DAAG 
29-81-K-OlOl. 
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Isolation  and  Characterization  of 
Bis(triniethylaniine)-Diborane(4) 

Sir: 

We  wish  to  report  that  bis(trimethylamine)-diborane(4)  has 
been  isolated  as  a  sublimable  solid.  The  trimethylamine  adducts 
of  many  borane  fragments  are  well-known;  however,  the  amine 
adduct  of  the  second  simplest  borane  fragment  B,H4  was  not 
reported  previously  in  the  literature.  Apparently  in  the  past,  the 
compound  was  overlooked  in  the  products  of  certain  reactions  that 
should  have  contained  the  adduct,'  or  it  was  not  formed  by  the 
reactions  that  were  chosen  for  its  synthesis.’  In  general,  reports 
on  nitrogen  base  adducts  of  diborane(4)  have  been  scarce,  and 
characterizations  of  the  compounds  have  not  been  complete.’  On 
the  other  hand,  the  B-Hj  adducts  of  P(CHj)j,''  ’  PF-.X 

(X  =  H,’  NICHj);,"'  F,*  Cl,’  and  Br’),  and  CO'®  have  been 
isolated  and  characterized.  Recent  study  in  this  laboratory  on 
the  reaction  chemistry  of  BiH4-2P(CH,).i  revealed  novel  aspects 
of  this  compound.  These  included  the  formation  of  a  iriboron 
complex  cation,"  the  chelation  to  metal  centers  through  two 
B — H-»M  bridge  bonds,'"  and  the  framework  expansion  of  borane 
compounds,"  '’'*  These  new  developments  involving  B,H4- 
2P(CHj)3  prompted  us  to  investigate  the  nature  of  the  tri¬ 
methylamine  analogue  of  the  B,H4  adduct  and  led  to  the  isolation 
of  the  once  elusive  trimethylamine  adduct  of  diborane{4).  The 
behavior  of  the  new  adduct  toward  acids  paralleled  that  of  B^- 
H4-2P(CH3)3.  Yet,  certain  chemical  properties  of  some  of  its 
derivatives  appeared  to  differ  from  those  of  the  trimethylphosphinc 
analogue.  A  brief  description  of  one  such  notable  difference  is 
included  also  in  this  communication. 

Treatment  of  tetrahydrofuran-triborane(7)  with  excess  tri- 
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Scheme  1 
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methylamine  in  dichloromethane  resulted  first  in  the  formation 
of  trimethylamine-triborane(7)  at  -80  °C.  and  then,  when  the 
reaction  mixture  was  warmed  to  0  °C,  the  cleavage  of  the  triborane 
framework  slowly  occurred  to  give  B2H4-2N(CH,)3  and  BH,- 
N(CH,)3.  Typically,  a  0.5-mmol  quantity  of  B,Hi-THF  was 
dissolved  in  about  1  mL  of  CHjCl;  and  was  allowed  to  react  with 
2.0  mmol  of  N(CH3)3  at  room  temperature  for  15  min.  After 
removal  of  the  solvent  by  evaporation,  most  of  the  BH3'N(CH])3 
in  the  solid  residue  could  be  removed  by  sublimation  at  0  °C  under 
vacuum,  and  then  the  remaining  solid  was  sublimed  at  room 
temperature  onto  a  cold  finger  (near  0  °C)  to  obtain  a  pure  sample 
of  B.H4-2N(CH3)3.  The  yield  was  virtually  quantitative.  The 
mass  spectrum  of  the  compound  (El.  17  eV)  showed  the  parent 
ion  cluster  in  the  range  nt/z  142-145,  which  corresponds  to  the 
formula  B2H4-2N(CH3)3.  The  NMR  shift  values  were  -3,5  ppm 
for  "B  |BF3-0(C;H5)2  reference]  and  2.45  and  1.67  ppm  for  the 
methyl  and  borane  protons,  respectively.  The  "B-spin-coupled 
'H  signal  was  broad  with  a  doublet  feature,  which  collapsed  to 
a  .singlet  upon  irradiation  with  the  "B  resonance  frequency. 

The  new  bi.s(trimethylamine)  adduct  is  inert  to  both  tri¬ 
methylamine  and  ammonia.  However,  irimethylphosphine  dis¬ 
places  one  of  the  two  amine  ligands  from  B2H4-2N(CH  i)3  readily 
above  0  °C  to  give  B^H4•N(CH,),•P(CH3)3.  NMR  shifts  for 
B;H4-N(CH3)3-P(CH3)3:  "B.  -2.9  (Bn)  and  -37.0  ppm  (Bp);  'H, 
2.52  (H(-  n).  1 . 1 4  (Ht  p,  "7  9  Hz),  1 .75  (Hg  n)-  md  0,03  ppm 

(Hg.p,  V  -V  17  Hz).  The  second  amine  ligand  is  resistant  to  this 
displacement.  Thus,  only  about  I5'3  of  the  original  amount  of 
the  adduct  was  converted  into  B;H4-2PMe3  when  a  solution  of 
B,H4-2N(CH)),  in  trimethylphosphinc  was  kept  at  room  tem¬ 
perature  for  about  3  h.  The  bis(trimcthylamine)  adduct  of  B;H4 
is  reactive  toward  acids  and  is  cleaved  by  hydrogen  chloride  to 
form  BH3-N(CH3)|  and  BHiCl-NfCHi),.  When  treated  with 
B,Hp  or  B4H,o.  it  gave  a  new  triboron  complex  cation,  B3H^- 
2N(CHj)3*,  the  counteranion  being  B-H-  or  B,H*  .  See  the  first 
step  in  Scheme  1.  NMR  shift  data  for  the  B3Hp-2N(CH3)3’' 
cation;  "B,  -9.7  (BH,)  and  -15.8  ppm  (B,.);  'H,  2.73  (He)  and 
1.93  ppm  (Hg).  Apparently,  migration  of  the  borane  hydrogen 
atoms  is  rapid  relative  to  the  NMR  time  scale  and  the  1 .93  ppm 
signal  remains  a  singlet  to  -90  °C  in  the  "B-spin-decoupled 
spectrum.  Although  the  B3H1,  salt  of  the  triboron  cation  is  stable 
at  room  temperature,  the  B2H7  salt  decomposes  slowly  above  0 
°C  and  gives  BiHt-NICH,),  and  BH,-N(CHj),.  The  above 
behavior  of  B2H4-2N(CH3)3  toward  acids  and  the  stabilities  of 
the  Iriboron  cation  salts  are  similar  to  those  observed  for  B,- 
H4-2P(CH3),'  and  its  triboron  cation  derivatives."  It  is  noted, 
however,  that  the  reaction  of  B3H,,'2N(CHi),'''B3H^  with  N(C- 
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proceeded  in  a  manner  which  was  entirely  different  from 
that  of  B,Ht-2P(CH3)3'*’B3H8'.  The  latter  compound  reacted  with 
NfCHjfj  and  gave  the  tetraboranefS)  adduct  BiHg-PfCH,),- 
NfCHj),.'-'  In  contrast,  the  treatment  of  B3H8-2N(CHj)j'^B3H8‘ 
with  N(CH3)3  (1:2  molar  ratio)  at  -20  °C  resulted  in  the  ab¬ 
straction  of  a  BH3  unit  from  the  cation;  the  B3H8“  anion  remained 
intact.  Thus  another  new  diboron  complex  cation,  B2H3-3N- 
(CH3)3*,  was  produced.'*  See  the  second  step  in  Scheme  I.  The 
"B  NMR  signals  of  this  diboron  cation  appeared  as  broad  humps 
at  12.5  and  -3.9  ppm  with  the  half-height  widths  300  and  450 
Hz,  respectively. 

Thus,  the  isolation  of  BjH4-2N(CH3)3  not  only  has  filled  the 
vacancy  in  the  list  of  representative  compounds  but  also  has  given 

(15)  Kameda,  M.;  Kodama,  G.  Inorg.  Chem.  1984,  23,  3705. 

(16)  Another  diboron  complex  cation,  B3H,-2P(CH  j)j*,  has  been  synthesized 
[Kameda,  M.;  Kodama.  G.  “Abstracts  of  Papers".  40th  Northwest 
Regional  Meeting  of  the  American  Chemical  Society,  Sun  Valley.  ID. 
June  1985;  No.  59). 


an  additional  insight  into  the  roles  of  different  Lewis  base  ligands 
that  are  responsible  for  subtle  reactivity  differences  of  borane 
adducts.  Further  work  on  the  derivative  chemistry  of  B2H4- 
2N(CH3)3  is  being  pursued,  and  the  details  of  the  results  will  be 
reported  at  a  later  date. 
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Synthesis  and  Characterization  of  2-(Dichlorohoryl)pentaborane(9)^ 

STEVEN  A.  SNOW  and  GOJl  KODAMA* 

Received  Nooember  16,  1984 

2-(Dichloroboryl)pBnttbonoe(9),  2-(CI]B)B5H|,  was  lynthesized  by  tbe  treatment  of  M-fCljBiBjHi  with  ether  (MejO,  EtjO,  or 
tetrahydrofuran)  followed  by  tbe  reaction  of  the  resulting  2-(CliBORi)BjHt  with  BXj  (X  ■  Cl  or  F).  The  new  compound  was 
charaaerized  by  its  "B  and  'H  NMR.  mass,  and  IR  spectra.  Thus,  the  syntheses  of  all  three  passible  isomers  of  (dichloro- 
boryl)penuborane(9),  a-.  1-.  snd  2-itomen,  were  completed.  The  new  isomer  reacted  with  dimethyl  ether,  diethyl  ether,  or 
tetrahydrofuran  to  form  a  1:1  adduct  that  was  undissociated  at  room  temperature.  Ethylene  inserted  into  the  terminal  B-B  bond 
of  the  isomer  to  give  2-(Q]BC]H4)B5H|,  and  bromine  cleaved  the  S-B  bond  to  give  2-BrBsH|  and  boron  trihalides.  The  compound 
was  inert  to  hydrogen  chloride.  The  above  conversion  of  ^•(CljBiBsH)  into  the  2-derivative  of  pentaborane  as  tbe  result  of  the 
ether  treatment  was  compared  with  the  similar  conversion  of  the  group  14  element  derivatives  and  was  contrasted  with  the 
conversion  of  m-[(CHj)iB]BsH|  into  a  hexaborane(lO)  derivative. 
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tntrodnetioM 

Earlier,  we  reported  tbe  synthesis  and  characterization  of  n- 
(dichloroboryi)pentaborane(9).‘  This  compound  featured  a 
dichloroboryl  (BCI^)  fragment  bridging  two  of  the  basal  boron 
atoms  of  the  pentaborane  framework.  (See  structure  I.)  Sub- 
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sequently,  Gaines  and  oo-workert^  reported  tbe  ayntheaia  and 
rharart^Tatinw  of  the  isomeric  oompotud  1  •(di^oToboryl)- 
pentaborane(9)  (ftractmt  n).  This  oompound  was  unique  in  that 
a  trigonal  borai  moiety  «u  #4xaided  to  a  boron  atom  in  a  boron 
hydride  duster.  Inde^  this  oompound  wu  the  first  example  of 
BX}  substitutian  at  the  terminal  positioa  of  the  pentaboraiie(9) 
framework.  We  now  report  the  eyntbesis  and  characterization 
of  a  third  iaomer  ct  (dichlaraboryl)peatabar^9),  2-(Cl2B)BsH|. 
This  isomer,  shown  as  structure  III,  contains  a  similar,  disoete 
boron-boron  m-bond  at  a  basal  position  ot  the  pentaborane 
framework.  This  study  thus  oondudes  tbe  isolation  of  all  three 
poesible  isomert  of  (dichloroboryl)peataborane(9). 

A.  Synthsais  of  2-(CI,B)B)H|.  2-(Dichloroboryl)penU' 
bQrane(9)  was  formed  by  a  two-st^  process  starting  with  n- 
(dichloroboryl)pentaborane(9): 

m-(C1,B)B5H,  +  Kfi 2.(Cl,BORj)B,H,  (1) 
RjO  *  Me^O,  £1:0,  or  tetrahydrofuran  (THE) 
2-(C1,BORj)B5H,  +  BXj 

2-(Cl,B)B,H,  4-  XjBOR,  (2) 
BX,  -  BF,  or  BCI, 

In  eq  1 ,  the  BCI]  group  minted  from  its  original  bridge  position 
to  a  basal  terminal  position  upon  tbe  reaction  with  ether. 
Characterization  of  2-(Cl]BOR])B3H|  is  described  in  part  D  of 
this  section.  Treatment  of  the  ether  complex  of  2-(dichloro- 
boryl)penUborane(9)  with  an  excess  of  BXj  in  dkhlorometbane 
libmted  2-(Cl2B)B5H|,  which  was  recovered  in  a  65-70%  yield 
based  on  the  original  amount  of  (i-(CI]B)BsHt  used.  For  ease 
of  isolation  of  BCIj  was  the  preferred  choice  of 

Lewis  acid  to  BFj,  bemuse  of  the  lower  volatility  of  its  ether 


adducts  relative  to  that  of  the  BFj  etherates.  The  compound 
2-(CI]B)B]H|  was  isolated  u  a  volatile,  colorleu  liquid  that 
yellowed  on  standing  at  room  temperature  in  vacuo.  It  was 
extremely  sensitive  to  water  and  air  and  required  exhaustive 
flanse-drying  of  the  high-vacuum  apparatus  to  prevent  immediate 
formation  of  BjH*  and  a  nonvolatile  white  solid.  Although  it 
appeared  reasonably  stable  at  room  temperature  up  to  1  week  in 
dilute  dichicromethane  solutions,  most  soiutians  of  this  oompound 
slowly  turned  yellow  upon  long  standing  at  room  temperature  and 
B5Ht  was  detected  in  the  "B  NMR  spectra  of  them  solutions. 

B.  ChanctaffxBlionor^(a2B)Bals•  Mms  Spectxuas.  Tbe 
mass  spectrum  of  2-(Cl2B)B5H|  displayed  a  duster  of  peaks 
around  m/z  143,  with  the  highmt  mass  cutoff  at  m/z  14g,  which 
oonespended  to  the  fonnula  "Bi'Hi’^CI].  Other  signifleant  peak 
clusters  in  the  spectrum  induded  m/z  SS-63  and  80-85,  oon«- 
spooding  to  B3H.*  and  BCI]'*',  reapectivdy.  Thus,  it  appeared 
that  the  facile  dissociation  of  the  bc^  group  in  the  spectrometer 
was  similar  to  the  case  of  the  m*(C1]B)B5H|  isomer.' 

NMK  Spacda.  Tbe  "B  and  'H  NMR  dau  for  2-(Cl2B)B,H, 
are  listed  in  Table  1  along  with  those  for  other  new,  related 
compounds,  and  the  "B  spectra  are  shown  in  Figure  1.  The 
doulte  signal  at -SOJ  ppm  can  be  assigned  to  the  apex  B(l)  atom, 
and  the  two  doublets  at  -1 1.8  and  -7.8  ppm  in  an  approximatdy 
2;1  intensity  ratio  are  assigned  to  the  B(3,S)  and  ^4)  atoms, 
respectively.  Tbe  signal  of  tbe  trigonal  boron  atom  in  tte  -BCI] 
moiety  appears  at  4-67.5  ppm  with  a  /ngiiB  value  of  106  Hz.  The 
signal  of  the  B(2)  atom,  which  is  expected  to  be  a  broad  quartet 
also,  is  overlap^  by  the  B(3,5)  signal,  and  only  its  high-field 
end  is  discernible  in  the  'H-s]»n-deooupled  spectrum  (sec  Figure 
1).  The  "Bepin-deooupled 'H  NMR  qiectrum  shows  the  presence 
d  two  signals  in  a  1:1  intensity  ratio  in  tbe  bridge  hydrogen  region. 
Thus,  tbe  NMR  data  are  consistent  with  the  structure  of  2- 
(CI]B)B5H|,  which  is  schematically  indicated  in  the  figure.  It 
is  noted  that,  although  the  terminal  "B-"B  coupling  constant 
(106  Hz)  is  in  the  range  (79-151  Hz)  that  has  been  found  for 
the  other  compounds,’  tbe  Kroner  and  Wrackmeyer  correlation 
predicts’-*  a  value  of  86.2  Hz  for  tbe  "B-"B  coupling  constant. 
Tbe  assumptions  made  for  the  calculation  were  that  the  -BClj 
moiety  is  hybridized  sp’  and  tbe  hybridization  of  the  B(2)  atom 
in  2-(CI]B)BsH|  is  tbe  sime  as  that  in  2,2'-(BsH|)],  which  is 
deduced  from  tbe  observed  B(2)-B(2')  coupling  constant  79.4  Hz  ’ 
Tbe  disagreement  between  the  obmrved  and  calculated  values  is 
considerable.  It  has  been  shown’  that  tbe  same  treatment  for  the 
terminal  "B-"B  coupling  constant  for  1-(C1]B)B3H|,  with  the 
assumptions  similar  to  the  above,  gives  1 18.8  Hz.  wUch  is  in  good 
agreement  with  the  observed  value  124  Hz.  'The  cause  of  this 
discrepancy  between  tbe  two  systems  is  not  immediately  obvious. 


*  In  dm  pspar  the  periodic  groap  oouiicB  ii  in  aooord  with  reocni  ictioni 
by  lUPAC  and  ACS  naneacUtaTC  oommittMi.  A  tad  B  noution  is  elimi- 
uMd  beetuae  of  wide  ooefutioa.  Groups  lA  and  IIA  become  groups  I  and 
2.  Tbe  d-tnaeiticeelciiiaatsoonprise  groups  3  through  12,  and  the  p-block 
eleaitaM  oonprise  groups  13  ihttwgh  II.  (Nou  that  the  former  Roman 
number  deeigaatioa  ia  preserved  in  the  last  dirii  of  the  new  numbering;  e.g., 
Ill  ^  3  tad  13.) 


(1)  Nelson,  M.  A.i  Kameda.  M.;  Snow,  S.  A.;  Kodama,  G.  inorg.  Chem 
1962.  2/.  2898. 

(2)  Gainee,  D.  F.;  Heppert,  3.  A.;  Coons,  D.  E.;  lorgenaon.  M.  W.  /norg 
Chem.  1963.  2/.  3662. 

(3)  Anderson,  I.  A.;  Astheimer,  R.  J.;  Odom,  J.  D.:  Sneddon,  L.  G.  1.  Am. 
Chem.  Soc.  1964,  106,  227S  and  referenom  therein. 

(4)  Kroner,  J.:  Wrackmeyer.  B.  J.  Chem.  Soe„  Faraday  Tram.  2  1976.  72. 
2283. 
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Table  I.  "B  and  'H  NMR  Data  for  2-<CliB)BjH,  and  Related  Compounds 


“B  Shifts  (ppm)  and  Coupling  Constants  (Hz) 


compd 

B(l) 

B(2) 

8(3,5) 

B(4) 

B(6) 

shift 

-^BH 

shift  /bh 

shift 

-^BH 

shift 

•'bh 

shift 

Jbb 

2-(Cl,B)B,H, 

-50.3 

178 

-13.3 

-11.8 

160 

-7.8 

165 

+67.5 

106 

2-[a,B-CHCH,),lB,H, 

-51.7 

171 

-5.9 

-13.6 

158 

(-13.6)“ 

(158) 

+  11.3 

b 

2-lCl4B-0(C,H,),lB,H, 

-52.3 

165 

-4.4 

-14.3 

159 

(-14.3)“ 

(159) 

+7.2 

b 

2-(C1,B-0C4H,)B,H, 

-51.2 

169 

-3.1 

-12.9 

159 

(-12.9)“ 

(159) 

+8.4 

b 

2-(a,BC.H.)B,H, 

-52.5 

172 

4-1.9 

-13.8 

156 

-18.2 

156 

+62.0 

2-lCl,B(OC4H,X:,H4lB,H, 

-52.9 

171 

4-3.8 

-14.6 

160 

-19.7 

157 

+  14.1 

M-<a,  B)B,H,' 

-34.2 

185 

-4.5  185  (for  B(23)  and  B(43)] 

+  74.8 

1-(C1,B)B.H,‘' 

-51.8 

-13.1  160.6  (for  B(2.3,4,5)l 

+  75.7 

124 

'  H  Shifts  (ppm) 

compd 

H(l) 

H(3,4,5)»  HGi) 

compd 

H(l)  H(3,4,5)* 

H(m) 

2-(a,B)B,H, 

4-0.66 

+  2.78 

-1.65,-1.88 

2-(a,BC,H.)B,H,* 

4-0.49 

4-2.44 

-1.51.-2.21 

2-(a,B-0(C,H,),lB,H/ 

4-0.31 

4-2.43 

-1.82,-2.20 

“  The  B(3,S)  and  B(4)  signals  are  overlapped,  and  the  shifts  ate  almost  identical.  ^  The  expected  quartet  structure  could  not  be  observed 
due  to  the  broadness  of  the  signal.  Reference  1.  ‘^Reference!.  '  The  signals  of  H(3  4)  and  H(4)  could  not  be  resolved  unequivocally  due 
to  the  broadness  of  the  sipials.  ^  The  signals  of  the  CH,  and  CH,  protons  in  (C,H,),0  appeared  at  1 .39  and  4.14  ppm,  respectively.  *  The 
signals  of  C,!!,  protons  are  located  in  the  range  from  1 .0  to  1 .6  ppm  as  overlapped  peaks  of  a  second-order  couplinig  pattern. 


FIgva  1.  "B  NMR  spectra  oT  2-<Bai)B,H,  in  CH,a,  at  ambient 
temperature:  upper,  normal  spectrum;  lower,  protoMpin-decaupled 
spectrum;  circles,  signals  of  BjH*- 


C  Rcnc(iaMnr2-(QiB)B]H|.  WBh  DIethjrl  Ether.  Treatment 
of  2-(Cl2B)B5H|  with  diethyl  ether  at  -80  *C  resulted  in  the 
immediate  formation  of  the  ether  adduct,  which  was  stable  in  a 
diethyl  ether  sohitioa  at  room  temperature  up  to  3  h.  This  behavior 
was  significantly  different  from  that  ofaaer^  for  l-(Cl2B)B3Ht, 
which  did  not  appear  to  form  an  ether  complat  until  it  was  heated 
to  SO  It  is  known  that  on  the  pentaborane  framework  the 
apical  position  carries  the  greatest  negative  charge.’  This  higher 
charge  density  would  decrease  the  acidity  of  the  apically  sub¬ 
stituted  BCI2  moiety  through  an  inductive  effect.  It  is  notable 
that  there  is  a  significantly  large  dinerence  in  the  terminal  "B-"B 
coupling  constants  of  the  1-  and  2-isomers  (124  Hz  for  I- 
(Cl2B)B5H|’  vs.  106  Hz  for  2-(Cl2B)B5H|).  This  would  imply 
that  the  B-B  bond  in  the  apical  isomer  is  stronger  and  therefore 
more  resistant  to  the  bond  drformation.  It  may  be  this  high  energy 
of  reorganization  that  requires  the  heating  of  the  mixture  for  the 
1 -isomer  adduct  formation.  The  considerable  difference  in  the 
observed  behavior  of  these  two  isomers  toward  diethyl  ether, 
however,  is  not  completely  understood.  Further  study,  both  ex¬ 
perimental  and  theoretical,  is  needed  to  elucidate  this  different 
behavior. 

With  Bromiae.  Bromine  reacted  with  2-(Ci2B)BsH|  at  a 
moderate  rate  in  a  dilute  dichloromethane  solution  at  room  tem¬ 
perature,  and  2-BrB5H|  and  boron  trihalides  were  produced: 

2-(Cl2B)B5H,  +  Brj  —  2-BrB,H,  +  “BCl2Br" 

The  mixed  halide  of  boron  in  the  product  underwent  a  dispro- 


(3)  Sw,  for  eumplc:  LipKomb,  W.  N.  In  'Boron  Hydride  Chemiitry'; 
Muettenia.  E.  L..  Ed.;  Academic  Rreu;  New  York.  197);  p  54. 


portionation  reaction  to  produce  BCIj  and  BBrs.  This  reaction 
can  be  compared  with  the  cleavage  of  B2CI4  with  Br2  that  occurs 
at  -23  *C  to  form  a  mixture  of  BClj  and  BBrj  as  the  final 
products.* 

With  Hyfcof  rUnrida  No  evidence  for  the  reaetkn  between 
HCI  and  2-(Cl2B)BsH|  was  detected  when  the  reactantt  were 
mixed  in  dichloromMliane  and  kept  standing  for  1  h  at  room 
temperature.  This  contrasted  with  ^  reactivity  of  the  B-B  bond 
in  B2H4*2P(CH3)3,  which  was  cleaved  readily  by  hjairoaen  chloride 
at-80*Ctogive(CH3)3P>BH,and(CH,),P>BH2a/  Diboron 
tetrachloride,  however,  appeared  to  be  ineri  to  hydragen  diloride.' 

WUh  Ethylene  Ethylene  inserted  into  the  B-B  bond  of  2- 
(Cl3B)B5Ht  to  give  reactioo  wu  slow 

at  room  temperature  even  in  the  presence  of  excess  ethylene, 
requiring  up  to  2  weeks  for  the  formation  of  a  sufficient  amount 
of  the  product.  Thus,  the  rate  of  this  reaction  appeared  to  be 
comparable  with  that  of  1-(CI3B)B3H|  with  ethylene.’  Insertion 
of  e^ylene  into  the  B-B  bond  in  proceeds  readily  at  -80 
®C.*  In  contrast,  ethylene  does  not  react  with  B2H4'21^CH3)3, 
even  at  room  temperature."’ 

The  ethylene  insertion  product,  2-(Cl2BC2H4)BsH(,  was  isolated 
as  a  colorless  liquid,  which  was  stable  at  room  temperature,  and 
was  characterized  by  its  "B  and  'H  NMR  spectra  (Table  I).  The 
B(4)  signal  is  shifted  upfield  10  ppm  from  that  of  2-(Cl2B)BsH|, 
and  the  B(2)  signal  is  shifted  downfield  by  1 1  ppm.  Thus,  the 
appearance  of  the  "B  NMR  spearum  resembles  a  superposition 
of  the  2-CH3B3H)  and  CH3BCI2  spectra."  The  compound  formed 
an  adduct  with  tetrahydrofuran  at  the  BCI2  site,  as  indicated  by 
the  large  upfield  shift  of  the  BCI2  signal  from  -1-62.0  to  -I-I4.I  ppm. 

The  above  described  reactions  indicate  that  the  reactivity  of 
2-(Cl2B)B3H|  is  similar  to  that  of  the  I -isomer  except  for  the  acid 
behavior  toward  diethyl  ether.  These  BCI2  derivatives  of  penta- 
borane(9).  however,  are  less  reactive  than  B2CI4,  or  “(€128)2". 
The  reactivity  pa.tem  of  another  B-B-bonded  compound,  B2- 
H4'2P(CH3)3,  diid  not  parallel  that  of  the  dichloroboryl  compounds 
due  to  the  entirely  different  environment  of  the  boron  atoms. 

D.  RcMthMS  of  u-(a2B)B,H,  wHh  Ethers  ((CH,) A  (C2H3)20, 
(012)40).  The  reaction  of  u-(Cl2B)B3H|  with  dimethyl  ether. 


(6)  Apple,  E.  F.;  Wtnik.  T.  J.  Am.  Ckem.  Soe.  IMS,  SO,  61)3 

(7)  Kemeda.  M.;  Kodama,  G.  Inorg.  Chem.  19M,  19.  2288. 

(8)  Urry,  G.  In  *Tbe  Chemistry  of  Borao  and  Ita  Compounda';  Muetteniea. 
E.  L.,  Ed.;  Wiley:  New  York.  1967;  Chapter  6.  p  3)1. 

(9)  Urry,  G.;  Kerigan,  J.;  Parsons,  T.  D.;  Schleainger,  H.  I.  J.  Am.  Chem 
Soc.  I9S4.  76.  )299 

(10)  Kameda,  M.;  Kodama,  G.,  unpubliahed  observation. 

(11)  "B  NMR  ihih  values  in  ppm:  for  2-CH,B,H|.  B( I ) -)0.4,  B(2)  4-2.2. 
B(3.))  -12.7,  B(4)  -18.1;  for  CH,BCI,.  -62.3  (uken  from:  Eaton.  G 
R.;  Lipscomb,  W  N.  *NMR  Studies  of  Borao  Hydridee  and  Related 
Compounds';  W  A  Benjamin;  New  York.  1969;  pp  112,  449) 


2-(Dichioroboryt)penUborane(9) 
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diethyl  ether,  or  tetrshydrofuran  was  very  rapid  at  -80  “C  in  the 
ether  itself  as  sotvent  or  in  dkhloroiiiethane.  As  the  reaction  was 
monitored  by  "B  NMR  spectroaoopy,  the  signals  of  m*(C12B)BsH| 
immediately  disappeared  and  were  replaced  by  the  signals  of 
2-(Cl3BOR2)B5H|,  which  are  listed  in  Table  I.  No  other  signals 
of  possible  intermediatci  ooutd  be  detected  As  one  visualizes  from 
the  shift  values  in  Table  I,  the  "B  NMR  spectra  of  the  etherates 
have  a  general  feature  that  is  common  to  that  of  B5H9;  i.e.,  two 
distinct  doublets  around  -52  and  -13  ppm  stand  our  conspicuously. 
Two  major  differences  between  the  "B  NMR  spectra  of  m* 
(Cl2B)B,H|  and  2-(a2BOR2)B5H|,  however,  help  to  identify  the 
ether  atMuct.  First,  the  resonance  of  the  BCI2  boron  atom  has 
been  shifted  upfield  more  than  60  ppm.  This  is  consistent  with 
the  conversion  of  a  trigonally  oot^inated  boron  atom  into  a 
tetrahedrally  coordinated  bo^  atom.  The  second  difference 
between  the  two  spectra  is  the  broadness  of  the  two  signals  that 
are  assigned  to  the  CI2BOR2  boron  atom  and  to  the  B(2)  atom 
of  the  pentaborane  framework.  This  wide  breadth  (v,  >2  ^  350 
Hz)  is  consistent  with  the  presence  of  the  B-B  single  bm  between 
the  two  boron  atoms.  The  "B-spin-decoupled  'H  NMR  spectra 
showed  two  signals  in  the  region  of  bridge  hydrogen  resonances 
in  a  1:1  intensity  ratio.  This  is  also  consistent  with  the  2-iaomer 
structure  of  the  adduct,  but  not  with  the  ^-isomer  structure. 

The  abtwe  described  migiation  of  a  boron  atom  from  the  bridge 
to  the  2-pasition  of  the  pentaborane(9)  ftamework  is  new  for  group 
13  element  derivatives,  but  is  reminiscent  of  the  ether-catalyzed 
isomerization  of  group  14  etement  derivatives  of  peataborane(9),'^ 

eg- 

m-(ER3)B,H,  2-(ER])B,Hi  (E  -  Si,  Ge) 

Among  the  group  14  elements,  cstrbon  is  unique  in  that  the 
carbon-bridging  derivatives  of  peataborane(9)  are  unknown, 
whereas  several  2-(alkyl)B5Hs  species  are  known.'’  Gaines  and 
Jorgenson  suggest^'*  on  the  basis  of  their  observation  on  the 
resetioos  of  BsHy'  with  allyl  iodide  and  with  benzyl  bromide  both 
in  the  absence  of  a  Lewis  b^  that  the  carbon-bridging  desivativet 
were  thctmodynamioally  unstable  with  respect  to  the  corresponding 
2-isomen  and  that  the  M-derivatives  iaomerized  to  2-deiivatives 
at  rates  comparable  to  the  rate  of  formation  of  the  M-derivathres. 
In  our  boron  atom  migration,  the  actual  migrating  group, 
-BCI2OR2,  behaved  as  a  'quasi-alkyr  moiety  and  migrated 
rapidly  to  the  2-position  in  a  manner  similar  to  that  of  the  alkyl 
analogue.  The  formation  of  2.2'-(B5H|)2  in  the  reaction  of 
K'^’BsHi'  with  2-BrB5H|'’  can  be  interpreted  as  the  result  of  the 
quasi-alkyl  behavior  of  the  basal  boron  atom,  which  may  have 
entered  first  at  the  bridging  position  of  the  pentaborane  anion 
framework. 

While  the  above  sioiilarity  is  apparent,  a  striking  difference 
is  noted  between  m-(CI2B)B3H|  and  m-[(CH3)2B]B3H«  in  the 
results  of  their  interactions  with  ether:  the  latter  converts  into 
4,S-dimethylhexaborane(10)  in  the  presence  of  diethyl  ether. 

It  is  important  to  clarify  the  factors  involved  in  these  two  different 
processes  since  they  would  be  responsible  for  determining  the  route 
to  the  cage  expansion  or  to  the  exocage  substitution  after  a  borane 
species  has  been  placed  in  a  bridge  position  of  a  boron  hydride 
cluster. 

Experimental  Section 

C (niial  Data.  Conventional  vacuum-line  techniques  were  used  for  the 
handling  of  volatile  compounds.  For  quantitative  manipulation  of  (di- 
chloroboryl)pentaborane(9)  derivatives  it  was  essential  to  have  Teflon 
stopcocks  fitted  with  Viton  O-rings  and  removable  joints  with  Oring  seal 
because  of  these  compounds'  high  affinity  for  Apiezon  M  or  N  high- 
vacuum  grease.  Air-  and  moisture-sensitive  solids  were  handled  in  glo- 
vebags  filled  with  dry  nitrogen  gas.  Boron  trichloride,  boron  trifluoride. 


(12)  Gaines.  D.  F.;  loms.  T  V.  J  Am.  Chem  Soc  IMS.  90.  MI7 

(13)  See.  for  example:  Gaines.  D.  F. /4w.  Chem.  1973.  d.  416  Shore, 
S.  G.  In  ‘Boron  Hydride  Chemistry';  Muetterties.  E.  L..  Ed.;  AcademK 
Press:  New  York,  1975;  Chapter  3. 

(14)  Gaines.  D  F.;  Jorgenson.  M  W  Inorg  Chtm  ISM.  19.  1398 

(13)  Gaines.  D.  F.;  Jorpenson.  M.  W.;  KuUi^  M.  A.  /  Chem.  Soc..  Chtm. 
Commun.  I  STS.  380. 

(16)  Gaines.  D.  F .  loms.  T  V  J.  Am.  Chem  Soc  ISTS.  92.  4571 


dimethyl  ether,  ethylene  (Matheaon  Gas  Products),  and  bromine  (Mai- 
linckrodt  Chemicals)  were  purified  by  fractional  condenaatioa  on  the 
vacuum  line.  Commercially  obtained  reagent  grade  diethyl  ether  and 
tetrshydrofuran  were  stored  over  LiAIH4,  and  dichloromethane  was 
stored  over  molecular  sieves.  These  liquids  were  distilled  directly  into 
reaction  vessels  on  the  vacuum  line. 

The  "B  and  'H  NMR  spectra  were  recorded  either  on  a  Varian 
XL-100-15  spectrometer  or  on  a  Varian  FT-80A  spearometer,  both  of 
which  were  operating  in  the  FT  mode.  For  the  Varian  XL-100-15. 
spectra  srere  obtained  at  32.1  and  100.1  MHz  ("B  and  'H.  respectively), 
or  for  the  FT-80A,  "B  spectra  svere  acquired  at  23. S  MHz.  Chemical 
shifts  were  expressed  with  respect  to  BF3-0(C2H])3  and  tetramethyl- 
silane.  The  mass  spectra  were  obtained  from  a  VG  Micromass  7070 
double-focusing  high-reaolution  mast  spectrometer  -  itb  VG  data  System 
2000.  Infrared  spectra  were  aoquir^  on  a  BecLman  IR-20  infrared 
spectrometer. 

R4M<laMerM-(Cl,B)B,H,wtthElhcn(MeAElATHF).  Samples 
of  M-(Cl2B)BsH|  were  prepared  by  the  literature  method.'  Reaaions 
with  ethers  were  performed  in  9-mm-o.d.  Pyrex  tubes  that  were  fitted 
with  stopcocks.  A  weighed  sample  of  the  le-inma  was  condensed  at  the 
bottom  of  the  reaction  tube  and  was  dissolved  in  about  2  mL  of  CH2CI2. 
Then  a  measured  amount  of  the  ether  sample  was  condensed  into  the 
tube.  The  mixture  was  allowed  to  melt  and  eras  agitated  briefly  at  -80 
*C.  Then  the  tube  was  placed  into  the  probe  of  the  NMR  spectrometer 
(-80  *C)  for  the  speetnim  recording.  The  reactiao  of  m-(CI2B)B]H|  with 
the  ether  sru  rapid  and  essentislly  complete  at  this  temperature.  In  any 
mixture  where  tte  ratio  of  ether  to  u-fOtBjBsHi  was  greater  than  1,  the 
"B  NMR  spectrum  showed  complete  cooversioo  of  u-(Cl2B)BsH|  into 
2-(Cl2BOR2)BsH|.  In  separate  experiments  where  the  ratio  was  leu 
than  1,  the  spectrum  shosrad  the  presence  of  both  m-<CI2B)BsH|  and 
2-(Cl2B-OR2)B3H|.  No  evidence  for  the  catalytic  conversion  of  n- 
(CliB)BsHt  by  the  ethers  into  2-(Cl2B)BsHt  sras  found  in  these  exper¬ 
iments. 

The  etherates,  2-(Cl2B-OR2)B5Hi,  svere  unstable  white  solidt  that 
rapidly  yellowed  at  room  temperature.  When  prepared  from  a- 
(ClaBjB^i,  they  were  unstable  in  room-temperature  solutions,  and 
HBCl2>OR2  eras  the  major  identifiable  boroD-coataining  spedes  in  these 
deoempositioa  mixtures.  It  svas  noted  that  when  2-(ciiB)B}H|  was 
dissolved  ta  diethyl  ether,  the  resultaat  solution  of  2-(Cl3B43&2)BsH| 
in  the  ether  appeared  somewhat  mote  stable  than  wtm  this  compound 
was  prepared  from  a-(Cl2B)B3Hs.  No  HBClrOEt2  eras  detected  in  the 
"B  NMR  spectra  of  these  solutions  up  to  4  h  at  room  temperature, 
wbueas  within  0.5-1  b  this  compound  was  detected  in  the  solutions 
prepared  from  the  u-isomer. 

IVtpafB—  xM  beialioa  of  Z-fC^lBsHi.  In  a  typical  preparatioo. 
3.04  mmol  of  3i-(Cl2B>B)H|  eras  distilled  into  a  22-mm-o.d.  tube  (u 
described  previously)  that  contained  a  stirring  bar.  An  S-mL  wmple  of 
dry  CH2CI3  svas  distilled  into  the  reactor,  and  the  two  composieau  were 
mixed  together  to  form  a  uniform  solution.  The  solution  wu  cooled  to 
-197  *C  to  condense  in  4.65  mmol  of  THF,  and  then  the  mixture  was 
stirred  for  30  min  at  -80  ‘C  to  complete  the  reaction.  To  this  mixture 
at  -80  *C  wax  introduced  BCI]  (6  mmol).  Approximately  one-third  of 
it  was  absorbed  immediately.  At  this  point  solid  BCI|-1TiF  wu  teen 
precipitating  from  the  solution.  The  remaining  BCIs  wu  condensed  in 
at  -197  "C.  After  the  solution  was  allowed  to  melt,  it  wu  stirred  for  1 5 
min  at  -80  ’C.  30  min  at  -45  'C,  and  finally  20  min  at  0  *0.  Then  the 
volatile  component  wu  distilled  out  at  0  °C  into  the  vacuum  line  until 
only  a  fluffy  white  solid  (primarily  BCIj-THF)  remained  behind.  The 
last  of  the  volatile  component  wu  pumped  out  at  room  temperature 
Then  the  volatile  component  wu  set  at  -63  *C  and  CHjCl2  wu  pumped 
out.  2-(Cl2B)BjH|  wu  left  behind  u  a  white  solid  that  melted  uniforml> 
upon  warming,  it  was  purified  further  by  distilling  out  at  0  °C  and 
fraaionally  condensing  in  a  -45  *C  trap.  This  procedure  allowed  for 
final  removal  of  the  high-volatility  impurities.  Yield:  2.10  mmol  of 
2-(Cl2B)B]H|  or  69.1%  based  on  the  original  amount  of  u-(CI]B)B,H| 
The  mau  spectrum  of  the  compound  was  obtained  on  the  spectrometer 
operating  at  1 5  eV.  The  observed  relative  intensities  of  the  peaks  in  the 
parent  cluster  were  u  follows  [m/z,  observed  intensity  (calculated  rela¬ 
tive  intensity  for  BtHiClj)):  148.  13(1.2):  147.  I.6(l.6):  146.7  9(8  4). 
145,  11.0(10.8);  144,  17,0(17.5);  143,  17.9(17.9);  142.  11.4(9.7);  |4'. 
3.4  (3.0);  140,  0.9  (0.5):  139,  1.0  (0.05).  llic  agreement  between  the 
observed  and  calculated  values  is  good  and  suggest’  bat  the  successive 
loaaes  of  pairs  of  hydrogen  atoms  were  minimal  for  this  compound  under 
the  conditions  of  tM  spectrum  acquisition.  The  ktaaea  of  hydrogen  atoms 
in  maw  spearometer  have  been  observed  commonly  for  mans  borane 
compounds” 


(17)  Shapiro,  I.;  Wilson.  C  O..  Ditter.  J  F  ;  Lehman,  W.  J.  Adk  Chein  .Srr 
■Ml.  No.  J2.  127  Dodds.  A  R  ;  Kodama.  G  K  toort  Chem  ISTS. 
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Infrared  spectral  dau  for  2-(CI;,'))B5H|  (lO-cm  gas  cell  equipped  with 
KBr  windows):  2592(t).  1785  (w,  br).  1395  (m.  hr).  1335  (w,  sh),  1 187 
(w),  1140  (m).  975  (sh),  937  (l).  885  (l),  839  (sh).  775  (w),  722  (w), 
660  (ml.  590  (w,  hr),  448  (w)  cm"'. 

Reaction  of  2-(a]B)B5H|  wMi  Dictkyl  Ether.  Into  a  9-mm-o.d.  tube 
(as  described  previously)  were  condensed  at  -197  "C  0.2  mmol  of  2- 
'CI_,B)B,H,  and  1  mL  of  diethyl  ether.  The  tube  was  wanned  to  -80  °C, 
agitated,  and  then  placed  in  the  probe  of  the  NMR  spectrometer  for  "B 
analysis.  At  -80  *0  oompiexatioa  of  the  ether  had  already  occurred  and 
only  the  signals  of  2-(CliB43Et])B5H|  were  present  in  the  spectrum. 

Rcactioa  of  2-(a]B)BsH|  wRh  Bratlii  Into  a  9-mm-o.d.  tube  (as 
described  previously)  were  condensed  at  -197  “C  0.11  mmol  of  2- 
(CljBlBsH,.  1  mL  of  CHjClj,  and  0.13  mmol  of  Br,  (the  once  frac¬ 
tionated  bromine  was  dried  over  PjOj  at  room  temperature).  The  mix¬ 
ture  was  warmed  to  -80  'C  with  agitation  and  then  placed  in  the  NMR 
probe.  At  0  “C  the  signals  of  2-BrB5H,"  began  to  slowly  grow,  and  after 
1 .5  h  at  room  temperature  the  reaction  was  essentially  complete.  The 
color  of  the  solution,  which  had  been  previously  a  very  dark  orange-red, 
had  faded  to  a  light  yellow. 

Since  immediate  assignment  of  the  "B  NMR  signals  of  the  products 
was  quite  difTicult  due  to  extensive  peak  overlap,  the  product  mixture  was 
fractionated  on  the  vacuum  line.  When  the  volatile  component  was 
passed  through  a  -63  *C  trap,  the  high-volatility  (BCIj,  BBrj)  component 
could  be  separated  and  identified.  The  low-volatility  fraction  consisted 
of  2-BrB5H,  (signals  at  -13.2,  -20.9,  and  -52.9  ppm;  lit.“  — 11,  — 15, 
— 20,  and  -53.5  ppm)  and  possibly  a  small  amount  of  l-BrB,H|  as 
identified  by  the  presence  of  signals  at  -12.8  and  -35.9  ppm  (lit."  -12.5 
and  -36.1  pptn). 

Reactfan  of  2-(CI,B)B,H,  with  Etfeytae:  SyMhaaia  of  2- 
(C1]BC2H4)B5Hf  In  a  typical  preparatioo  0.75  mmol  of  2-(Cl2B)B5H| 


(18)  Eaton,  G.  R.;  Lipacomb,  W.  N.  *NMR  Studies  of  Bonn  Hydrides  and 
Related  Conqiaiuids*;  W.  A.  Benjamiii:  New  York,  1969;  pp  107-108. 


was  condensed  at  -197  °C  into  a  22-mm-o.d.  tube  (at  described  previ¬ 
ously).  Above  the  borane  compound  were  condensed  2  mL  of  CH2CI2 
and  1.33  mmol  of  C2H4.  The  mixture  was  then  warmed  to  room  tem¬ 
perature,  and  stirring  was  commenced.  After  2-3  h  ihe  solution  had 
turned  slightly  yellow,  but  this  color  did  not  appear  to  intensify  with 
prolonged  reaction.  The  stirring  was  continued  for  2  weeks,  constantly 
at  room  temperature.  Then  the  reactor  vessel  was  connected  to  the 
vacuum  line  and  ail  of  the  volatiles  were  condensed  into  a  -197  °C  trap. 
The  new  compound,  2-(Cl2BC2H4)B5H|,  was  isolated  in  a  pure  form  by 
fractional  condensation  of  the  volatile  component  into  a  -35  °C  trap. 
The  compound  was  a  colorless  liquid.  The  "B  NMR  spectra  of  the  neat 
compound  or  its  CH2CI2  solution  showed  no  sign  of  decomposition  after 
2  h  of  standing  at  room  temperature.  Yield;  0.14  mmol  or  18.6%  based 
on  the  original  amount  of  2-(Cl2B)B5H|.  The  other  major  identifiable 
boron-containing  product  was  BsH^,  which  was  identified  by  its  "B 
NMR  spectrum. 

Reaetlaa  of  2-(Cl2BC2H4)BsH|  with  THF.  A  O.IO-mmol  sample  of 
2-(Cl2BC2H4)B3H|  was  conden^  at  -197  *C  into  a  9-mm-o.d.  reaction 
tube  (as  desoib^  previously).  Above  this  compound  was  condensed  1 .5 
mL  of  THF;  the  mixture  was  wanned  with  agitation  to  -80  *C  and  then 
placed  into  the  probe  of  the  NMR  spectrometer.  At  this  point  the 
reaction  was  complete,  and  quantitative  oonvenioo  into  the  THF  complex 
was  indicated  by  the  "B  NMR  spectrum  (see  Table  I). 
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Reactions  of  Trimelhylphosphine-Pentaboranes  with  Trilyl 
Cation.  Formation  of 

Octahydrobis(trimethylphosphine)pentaboron(  I  + )  and 
Octabydro(triniethylpbosphine)pentaboron(l-t-)  Cations 

Mitsuaki  KameJa  and  Cioji  Kixiama* 

Recett  t’ti  Ptu  enther  22. 

Farlier,  we  reported  the  synthesis  of  the  heptah>drobis(tri- 
methylphosphineUelraboronl  1  +  )  cation.  Bjtt'OPfCtt,)!’^  '  This 
cation  was  prepared  b\  abstracting  a  hydride  ion  from  Bjll,- 
2P(CtI,)i  with  the  use  of  tripheny Icarbenium  (trityll  cation 

B,H»-2P(CH,).  +  C  ((  • 

B,H-2P(CH,).*  +  r  (C 

This  method  of  hydride  .ibstr.tction  should  be  applicable  to  the 
preparation  of  other  piilytsiron  complex  cations  Howeicr,  the 
ease  of  hydride  .ibstraclion  must  be  dependent  upon  the  hydridic 
nature  of  the  bor.ine  hsdrogens  on  the  substrate  borane  compound 
As  the  bor.ine  structure  becomes  larger,  the  boraitc  hydrogen 
atoms  ,ire  expected  to  beciime  less  hydridic  ’  Lurthermore.  the 
hydridic  ch.iracter  of  bor.ine  hydrogen  atoms  should  be  influenced 
by  the  number  of  the  trimethy  Iphosphines  th.it  are  att.iclied  to 
the  borane  framework  It  was.  therefore,  of  interest  to  test  the 
reaction  on  other  higher  borane  compounds  com.uning  different 
numbers  of  irimethylphosphines  Synthesizing  new  polyboron 
cations  was  ol  interest  by  itself  In  pariicul.ir.  the  structures  of 
these  cations  were  of  interest  The  above  tetraboron  c.ition  is 
isocledronic  .ind  isosi'-uctur.il  with  Bjll,-P(Ctl,)i  and  BjlL,  .is 
Bdi„-2Pl(  11,).',  B,ll-P(Cil,),.  and  B.tU  are  isoelectronic  and 
isostruclur.il  with  e.ich  other  '  The  gcner.ilily  of  this  isoclec- 
ironic  isoslruclural  fc.iture  h.id  yet  to  he  tested  This  p.ipcr 
describes  the  results  of  these  tests,  which  were  performed  on 
irimelhylphosphine  adducis  of  pentaboranei'f ) 

Results  and  Discussion 

A.  Reaction  of  Bis(trimethylphosphine)  -  Pentaborane(9)  with 
Trityl  Cation.  The  adduct  B.H„-2PtCH  , I ,  reacted  with  Irilvl 
letr.inuoroborale  or  hex.ifluorophosphaic  in  dichloromeihane  .it 
SO  "C  to  give  the  B,n.-2P(C  1 1 ,)  ,*  cation  The  Bf a  s.dt  of  this 
cation  w.is  rc.ison.ibty  st.ibic  .it  room  temper, ittire.  but  the  PI  , 
s.ili  decomposed  r.ipidly  .ibove  0  °C 

NMR  .Spectra.  The  NMR  dai.i  for  the  B.IL-2P((  H.),'  c.iiion 
.ire  listed  in  T.ible  I  The  "B  spcctr.i  shown  in  I  igure  I  im 
mediately  indie. He  Ih.il  the  molecule  is  of  (  symmetry  .ind  ih.it 
the  4‘>  4  ppm  sign.il  is  due  to  the  iifvx  boron  .Horn'  to  u  Inch  one 
of  the  phosphines  is  .itt.iched  The  triplet  feature  ol  the  14  ' 
ppm  sign.il  (due  to  the  other  phosphinc  att.iched  lioron  .Horn)  .ind 
the  two  doublet  signals  .it  0  1  .ind  6  0  ppm  suggest  the  structure 
of  the  c.ilion  to  be  ih.il  shown  in  I'lgure  I  The  assignments  were 
b.ised  on  the  'll  spectr.i  obtained  b\  the  selective  decoupling  ol 
boron  spins 

B  Reaction  uf  Trimethy Iphosphine  l’entahnrane(*I)  with  I  ritxl 
f  ation.  A  I  I  mixture  of  B.l  I  ,-P((  1 1 ,) ,  .mil  Iritvl  tetr.inuoro- 
bor.ile  111  dichloromcth.ine  rem, lined  unchanged  .it  SO  "t  \i 
ft)  “(  ,  however.  .i  r.ipid  rc.iction  occurred  .mil  the  B.ll,-I’- 
If  11,),'  c.ition  W.IS  produced  The  Bl  j  s.ili  of  thisc.ition  w.is 

Ml  K.imcit.i  M  .  KiKl.irn.i  f  i  Inxr-e  (hr'fi  Itgs,  .V.  .’’■'I  .s 

1.’)  I’.irrv.  K  W  (  Tw.irris  I  )  /  Im  (  hrm  S...  PtSi)  V),  llva 

I  ))  K.iincil.i  M  ,  KtHl.im.i,  (I  ./  Im  (  hmi  S.s  1980.  /rl.'  tn4' 

|4|  llermmek  S  IMesel,  I  /  I'm'-e  l/te  <  h,m  1974.  -mv.  I  I  < 


Table  I.  \MR  Shift  Data  for  the  Bdl,-2P|C  H ,| ,'  Cation 

temp.  °C  shift  in  ppm,  assignt  {J  in  Hz.  d^v  I  Irel  iniensl 

“B  +21)  49  4.  B,  (14,1,  M  1-  14  1.  B.  (101.  Zb,,I  |1|: 

-9,7.  B,  |l|,  +U.1.  B,  (I2.f.  7b„)  |I|,  ft  9,  B,  (tZX. 
•2bh)  1 1 1 

Tl  It)  1.S4.  Il„,.,  |1|; -I  21.  H,„.,  |l|.  -()7S  H...,,  |l|. 

I.S7.  H;  |l|.  )  91.  1(,  (l|.  2  44,  II,  |1|.  1  21,  II. 
Ml.  1  46,  H,  I  l|;  I  16.  IL,.,  I  i  i  9.  •7„|,l  |9|,  1  <6, 
H,,;,  (I2.S.  -VhhI  19| 

'  I’  +20  2  1.  P,  (146.  dpul  |l|.  s  V  p.  ||| 

Table  II.  \MR  Shifi  Data  for  the  Bdl,  P(C  II  ,  I  .*  C  ,!lion 

icmp.  ®C'  shjfl  in  ppm.  assignl  {J  in  H/.  )[rcl  miens) 

‘  ’  B  4K6.  B,  (220.  s/bpI  la  M  2.  B.  (P:.  Jr,,' 

'H  -111  I  M.  [4].  :S6.  II,  II6K.  I-*!-  '  "-I-  H,  (I.V 

■-/up.  Vph) 


^igufv  ).  I  cti  Sifuciurc  prv'jV'sal  N’t  H-l  1,0 1'U  Mr)*  i»t  i  he 

Kis.tl  pliusphitK'  UMulf  f'r  cvi’)  is  unecrKiin  Bight  ?•  '  H  N  \1  K 

sfVvlr.i  i»f  ihc  c.ition  iBI^  s.ill,  +^0  ®(  ,  c  1^4  1;  sf’lu'nli  I  he  upper 
'pecifuin  is  nornissi.  the  lower  spectrum  is  proton  spin  ilccvuipled  1  he 
iruncjied  i.tli  pc.ik  .it  t)  4  ppm  is  due  tt'  Bl  ^ 


ff; 
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figure  2.  Icit  Structure  pri'pcKed  ft'r  BsHy-I’U  II,'  *  Kieiit  ^fs 
Mil/  B  \  M K  spectr.i  til  the  c.it mn  t  Bl  4  s.ili  "(  ,  (  1V(  1  s,,il 
vent  t  I  lie  upfX’r  spectrum  is  ntirm.il.  the  lower  sjx'etriim  is  proton  spin 
•slecou  pled 

l.nrK  stable  .it  room  icnipcr.iture  When  tnt\l  liex.iHuork' 
phosphate  '^as  usal.  ihc  p>onl.ib<>ron  c.ttton  could  nt>i  be  obi.nncd 
\pparcnl)\.  the  D  ton  w.is  involved  in  the  rc.iction  Thus,  even 
.It  SO  HsH.j-P(C'H,)»  was  ci'nsumcd  and  v.inous  boriMi  coni- 
pounds  were  produced  These  conipounds  rneludcd  Bf  4  .  Bl  i- 
i*(C  H,)i.  BJi.,.  BHoP((  H,)i.  .ind  other  unideniifted  species 
NMR  Spei'lra.  The  data  are  listed  in  T.ible  II  The  "B  spectra 
shown  in  I  igure  suggest  that  the  nu>(ecuie  is  ol  (  4  svmnieirv 
The  spectr.il  d.il.i  .ire  consisienl  wnh  the  strucUire  illustr.iled  in 
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Figure  2.  The  extremely  large  value  of  (220  Hz)  is  noteworthy. 

C.  PeiiUboraiie(9)  and  Trityl  Tetrafluoroborate.  Penta- 
borane(9)  did  not  react  with  trityl  tetrafluoroborate  in  di- 
chloromelhane  at  room  temperature. 

D.  Conclusion.  The  reactions  described  above  demonstrated 
that  the  attachment  of  electron-donating  trimethylphosphinc  to 
pentaborane  enhances  the  hydridic  behavior  of  the  boranc  hy¬ 
drogen  atoms:  The  case  of  hydride  abstraction  by  the  trityl  cation 
increases  with  the  number  of  trimcthylphosphines  attached  to 
pentaborane. 

The  new  polyboron  complex  cation  B5Hn*2P(CH,)/  is  iso- 
structural  with  its  isoelectronic.  neutral  and  anionic  counterparts 
BsH9-P(CH,),'''and  B.H,o 


Thus,  the  isoelectronic-isostructural  feature  observed  for  the 
iriboron  and  tetraboron  trios  is  now  extended  to  the  pentabt^ron 
trio.  It  is  noted  that,  among  B JI(j*2P(CH 0^*.  B^HvP(CM»)i. 
and  B<H,n  .  the  anion  is  most  fluxional  with  respect  toils  boranc 
hsdrogen  atom  migration^ '  and  the  cation  is  least  fluxional  The 
same  trend  has  been  observed  for  the  corresponding  trios  of  tri- 
and  tetraboron  '  ^  Thciuher  new  cation.  B41h*P(C1I;1i*.  belongs 
to  a  new  familv  of  poKboron  complex  cations  with  the  gcner.il 
formula  B,H^+ eP(C  H  i)/,  and  it  is  isosiructural  also  with  its 
isoclcctronic.  neutral  counterpart  BJI., 

Two  different  salts  of  the  triivl  cation  were  used  in  this  siud> 
The  BF^  salt  \ielded  rcaMinabls  stable  salts  of  the  pentabtm>n 
cations,  but  the  Pf ,  salt  did  ni't  \V'henevcr  the  Pf,  Nalt  was 
Used.  Bl  j  and  BF!*PtC'H>)i  were  formed  The  interactmn  of  the 
PI ion  with  boranc  species  is  an  interesting  subject  <*f  .i  separate 
stud),  and  the  results  will  be  reported  at  a  later  date  up»m  o>m- 
p/e(um  of  the  stud.'; 

Fxperimentat  Section 

(^enenl  Informition.  C  onvcniional  v.icuutn  lmc  technique'  v‘erc  u'ed 
throughout  for  the  h.indling  of  .iir-senMic\c.  vol.iiile  conip.vund'  \i 
tr<*gcn  g.is  filled,  pl.i'tic  bags  were  used  f«ir  the  (r.insfer  <»f  .u'  senMiive 
solid'  Pcnlab^'r.inct 'J l  iC  .iilcr\  (  heniie.il  C  *»  l  was  fr.i  tionatcil  .nul 
ireal.'d  with  iriMielhNlph*»sphine  ( l.itvr.ilorc  slivk.  prepared  h\  a  liter. i- 
ture  inelhiKpl  to  prepare  the  samples  *'f  HsH„OP((  M I  he  s.i tuple 
oI  li was  prepared  from  Hdl  and  H  fljOPit  H  ,t:  h%  ihe 

meihid  deseriK-d  prc\uiusK  ''  T  he  Bl  4  and  PI .  salts  ol  the  iritsl  v.ition 
'  Mdrich  C  hemic. il  C  o  .ind  Mfa  !*riKlu».lsl  were  rccr v'«all'/ed  tr.'in 
dichliirofiieiliaiie  I  he  \  MB  spi.vir.i  v^ere  recorded  on  a  '  .01. tn  \|  -  loo 
iir\|  ^00  spccirorneler  (  hemieal  shrfts  for  'B.ind  '  P  re'on.inees  wer«. 
rcv-orded  wilh  releren^.e  t*»  the  HI  •()((  -ll.l-  .ind  i*rth«'pho'ph.»rK 
acid  sign.ils.  reNpcv.tivel\  I  ur  II  resonafue'.  the  vliilt  ot  diwhlor.* 
incih.ine  w.is  taken  to  be  at  ^  ppm  The  reactions  of  the  pent ahor.tne 
compound'  with  the  Intel  s.ilt'  were  performed  m  !l)-mni  od  Pvrev 
tubc'  The  tubes  containing  reaeliiin  mixtures  were  placed  in  the  prolv 
of  the  N\fB  ifisfrumcnl  to  fiuinrlof  the  re.tcoonv 

Reaction  of  BJI.r2P(('H ,),  wilh  TriC>l  (  ation.  \  t)  dU-nmiol  vimplc 
of  H<Hg'2P((  Mill  was  dissolved  in  abiuil  2  ml  of  CM.(  |.  in  the  rc.jcnon 
tube,  and  .1  0  M  mmol  s.imple  of  (((  ,,11.1  HI  ^  was  .idded  m  the  lube 


above  the  frozen  solution.  As  the  reaction  mixture  was  agitated  bv 
shaking  the  tubc  in  a  -  80  ®C  bath,  the  dark  yellow  color  of  the  iritsl 
cation  changed  rapidly  to  a  faint  yellow  .At  this  stage  the  original 
BJIq*2P(CH ,)(  had  been  completely  converted  into  the  B^HK'2PtCH,)/ 
cation.  A.s  the  lube  was  allowed  to  warm  to  ro^im  temperature,  a  clear, 
straw  yellow  solution  resulted.  At  this  ptunl  the  solution  did  not  contain 
any  boron  compound  other  than  the  Bl  4  salt  of  the  pcniaboron  cation 
The  volatile  comp>oncnis  were  evaporated  under  vacuum,  and  the  re¬ 
sulting  pale  yellow  residue  was  washed  with  toluene  and  then  leached 
wilh  CHjCK.  By  evaporation  of  the  solvent  friini  the  leachate,  a  white 
solid  of  the  B<H|‘2P(CM))/BF4  salt  was  obtained  The  solid  was 
contaminated  slightly  with  small  amounts  of  decomposition  products, 
which  were  produced  during  the  isolation  process.  The  reaction  with 
C  (C  ftUO/PF*  (1:1  molar  ratio.  0  4b  mmol  «)f  each  rcav-lant  >  proceeded 
similarly.  However,  the  formation  of  Bl  4  was  observed  at  higher  tem¬ 
peratures  (about  '20  ®C)  and  was  fast  abvwc  0  °C  . 

Reaction  of  B«Hg-P(C‘H,) I  with  Trityl  Cation.  A  0  54-mnn)(  sample 
of  Bdig‘P(C  IH),  and  0.64  mmol  of  (Cfcll^lt'BI  4  were  mixed  in  ab^iui 
2  ml.  of  CH_,C!2  in  a  rcaelion  tube  At  -80  ®C  most  of  the  iritvl  salt 
remained  undissolvcd.  and  the  solution  was  dark  vcllow  When  the 
mixture  was  allowed  to  warm  to  .'0  °C  and  agiiaied  by  sliaking.  the 
trityl  salt  quickly  disappeared  and  the  solution  became  pale  vcllow  and 
turbid.  .At  this  point  BdTg-P(C'H,)»  bad  been  converted  init>  the 
BJI,-PtC'H  cation  As  the  lube  was  allowed  warm  to  rtvim  tem¬ 
perature,  the  sidution  became  clear  To  isolate  the  BJI.*P((  M  i>.*BI  4 
vili.  this  vduiion  was  treated  in  the  same  manner  as  the  B,H,'2P<(  H  ,  K* 
cation  stiluliiin  (See  above  )  During  this  isnlalion  putcess.  however,  .1 
Miiall  porlum  of  the  salt  decomposed,  thus,  the  product  w.ts  tont.imin.iied 
It  was  nulled  that  as  the  salt  was  freed  Irom  iriphenvlincth.ine.  its  solu¬ 
bility  in  t  H;C  1-  decreased  markediv 

Mixtures  of  BJIg  nnd  Trityl  Salt.  \ppro\irn.ite(v  fl  K4-mmoI  samples 
of  C  tC  I  i*  Bl  4  were  mixed  w  uh  BJU  m  I  2  and  2  1  molar  r.iiio'  m 
2-ml  porlKuis  of  C  HX  I.  V\  hen  a!lt>ued  to  warm  to  rt>om  temper. ilure. 
the  reaction  mixtures  were  dark  brow  nish  veilow  T  he  B  N-  M  R  'nc\lra 
of  these  sviluimns  cont. lined  only  the  signals  ol  B.li,  and  Bl  .  and  were 
(ound  to  be  unchanged  when  examined  2  davs  l.iier 

.'XcknoHledgmenl.  Wc  acknowledge  suppviri  of  this  work  b.x 
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Formation  and  Structure  of  the 

Bis(trimethylphosphine)nonahydrohexaboron(I  +  )  Cation 

Miisuaki  Kamcda  and  fioji  Kodama* 

Receked  May  IV.  IVH7 

Earlier,  we  reported  a  series  of  polyboron  complex  cations  with 
the  formula  where  n  =  3.  4.  and  5.'  '  These 

cations  are  isostructural  with  their  respective  isoelectronic  neutral 
and  anionic  species  as  illustrated  in  Figure  I .  The  next  higher 
cation  of  series  is  B(,Ho-2P(CHj),*,  and  its  corresponding  iso¬ 
electronic  species  are  B^Hio-PfCH,))  and  which  arc  known 

to  have  the  boron  cluster  geometry  indicated  in  Figure  2a.'' ' 
Abstraction  of  a  hydride  ion  from  B4Flg'2P(CH,)j  and  B^H,- 
2P(CH3),  were  the  methods  for  preparing  the  above  letraboron 
and  pentaboron  complex  cations,  and  the  structures  of  these  cations 
could  readily  be  related  with  those  of  the  parent  bis(phosphine) 
adducts. 

The  hexaboron  cation  would  be  obtainable  likewise  by  ab¬ 
stracting  a  hydride  ion  from  B(,H|o-2P(CFI))3. 

B,H,„-2P(CH,),  -F  - 

B,H,-2P(CH,),^  +  HC(C,H,), 
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Figure  1.  Structures  of  B„H,,.4-P(C'H,),.  and 

for  n  =  3.  -J,  and  5.  fiydro^cn  otoms  are  not  drawn  in  for 
brevits.  The  circled  P  represents  P(('Hi)t 


Figure  2.  Boron  cluster  geometrs  i.i)  in  B^H hsPiCH O,  and  B^ll,,  and 
Ihl  B,H„,-:P(CH.).. 

Fable  I.  NMR  Data  I'oi  ihe  B(,lls-2P(C'H ,1  ,*  Cation'' 

_  _ 

s:  (1.  i,  Bi  1 1.  ./„i,  =  :u  ■:bs.  iiiuT  c'.  Pi  1 1.  .Vh  = 

4s. 0.  q,  Bih).  =  ‘14,  lOCtfiMi  :  C  Prbl.  ./i.ii 

3bii  =  1  4\  tiK  Halo 

:ii  .c  d.  B(.C4|,  =  Vijj,  =  4 

i.so  I  hi  ii((  nabii, 

S  4.  d.  Bi2,.‘i),  ./bh  =  ’■•'ill'  ■=  '’ 

i.'O  ;4ii.  ni.ci) 

:  44.  ii(;..si 

■'Shifts  in  ppni;  J  values  in  Hr  References  for  the  shifts  ■  B, 
Bf  eOlC;t  I.  )■.  "P.  Ss'7  orthophosphoric  acid;  ii.  niC  HT.  Cl  =  5.2h 
ppm  Ke\'  d.  doublet;  q.  qu.irtet.  Sobenls  CH-t  I- for  ’'B;  ( D^C  I- 
fir  ''P;ind  Tl  lemper;iture  It'  “t 


However,  the  structure  of  the  bis( phosphine)  adduct  is  belt-shaped 
,is  shown  in  Figure  26“  and  is  quite  different  from  that  in  Figure 
2a.  It  was.  therefore,  of  interest  to  prepare  the  B,,H.)-2P(CFIi)i* 
cation  and  to  intestigaie  Us  structure.  The  results  of  the  study 
are  deseribed  in  this  paper 

Results 

The  bisi  trimelhylphosphine)  adduct  of  reacted  slowly 

with  the  tri'yl  cation  (BFj  or  PF,.  salt)  in  a  I  .i  molar  ratio  in 
diehloromethanc  at  -80  °C',  and  the  hexaboron  complex  cation 
B^fl,,'2P(CFI|)r  was  formed.  The  BF^  salt  of  the  cation  slowly 
decomposed  in  the  solution  at  room  temperature.  The  PF^  salt 
was  less  stable,  and  underwent  a  rapid  decomposition  at  0  °C  with 
concomitant  formation  of  BFj  .  Furthermore,  the  cation  thus 
prorjuced  appeared  to  slowly  undergo  certain  reactions  with  the 
starting  compound,  producing  small  amounts  of  side  products. 
However,  the  cation  could  be  characterized  by  NMR  spectroscopy, 
and  was  found  to  have  a  structure  similar  to  that  of  B^Hio-PICHdt 
or  B^H|i  .  the  phosphines  being  attached  at  the  apex  artd  bridge 
boron  atoms  See  part  B  of  the  Discussion. 
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Discussion 

A.  Ease  of  Hydride  Abstraction.  The  above  hydride  abstraction 
reaction  of  BbH|o-2P(CH3)3  was  slow  when  compared  with  those 
of  B5Hq-2P(CH,),  and  B4H8'2P(CH,)3,  which  were  instantaneous 
at  -80  °C.-  ’  The  increased  acidity,  or  the  diminished  hydridic 
character  of  borane  hydrogens,  of  the  larger  borane  fragment’ 
is  thought  to  be  responsible  for  the  slower  reaction  rate.  A  similar 
reactivity  variation  has  been  observed  for  the  series  of  pentaboranc 
compounds  B5H9.  B^H^-PfCHt),  and  B5H4-2P(CH ,),.' 

B.  Structure  of  BbH4-2P(CH3)/.  The  "B.  'H.  and  '‘P  NMR 
data  for  the  BbH9'2P(CH3)3'^  cation  are  summarized  in  Table  1. 
As  illustrated  in  Figure  3,  the  "B  spectrum  of  the  cation  resembles 
that  of  B(,H|o'P(CH,)3,'‘  the  noticeable  differences  being  that  the 
most  shielded  signal  for  the  cation  is  a  B-P  doublet  whereas  the 
corresponding  one  for  BbHio'P(CH3)3  is  a  B-H  doublet  and  that 
each  signal  of  the  cation,  with  the  exception  of  the  -45.0  ppm 
quartet  signal  (due  to  the  bridging  boron,  to  which  the  other 
P(CH3)3  is  attached),  is  shifted  downfield  from  the  corresponding 
signal  of  BjHjo-PfCHifj.  The  extremely  large  B-P  coupling 
constant  of  21  2  Hz.  for  the  most  shielded  signal  of  the  hexaboron 
cation  is  comparable  with  the  value  of  220  Hz  that  was  observed 
for  the  apex  B-P  coupling  constant  of  the  square-pyramid-shaped 
BvHj-PlCH  ,),■'■  anion.’  Compared  with  the  chemical  shift  of  basal 
boron  atoms  of  BtH,,  the  corresponding  signal  of  this  pentaboron 
cation  is  shifted  downfield  also.  Thus,  replacement  of  H  by 
P(CH,)3  at  the  apex  position  of  B^HurPlCH ,)j  results  in  the 
structure  of  Bf.H9-2P(CH3),*.  which  is  consistent  with  the  ''B 
NMR  data  observed  for  the  hexaboron  cation.  The  assignments 
for  the  'H  resonance  signals  listed  in  Table  1  were  straightforward 
with  the  use  of  single-frequency  decoupling  techniques  on  the  ’’B 
spins.  The  signals  of  hydrogens  on  the  bridge  boron  atom  could 
not  be  located.  Probably,  the  signal  is  overlapped  with  the  closely 
spaced,  intense  two  signals  of  methyl  hydrogens, 

C.  Structure  Transformation.  The  i.socJcclronic  isostruciur;il 
feature  that  was  observed  for  the  in-,  tetrii-  ami  pentaboron 
trios--  ''  has  now  been  extended  to  the  trio  of  arachno  hexaboron 
s[x:cies.  B,H.-2P(CH,),*.  B,H,„-P(rH,)..  and  B,H,  .  Addition 
of  a  Lewis  base,  P(CH3)3.  to  B^H  n,'P(CH  H,  results  in  :i  hypho 
cla.ss  he.xaborane  compound.  B^H|„'2P( CH Through  ihiv 
process  the  structure  changes  from  the  basal-bridged  vqu.irc 
pyramid  to  the  bell-shaped  arrangement  of  six  boron  atoms 
Conversely,  removal  of  a  Lewis  base,  H  ,  from  B„H  ,|■2P(C  fl  o 
reverts  the  structure  to  the  basal-bridged  square  pyramid  ol  ar- 

,),*  This  transformation  scheme  is  illustrated 
in  Scheme  1.  At  present,  nothing  deTinitivc  can  be  stated  about 
the  mechanism  of  transformation.  1  he  B-P  buiuis,  nccdiise  01 
their  considerable  strength,  would  remain  undissociated  throughi'ut 
the  process  of  the  transformation.  Providing  that  this  assumption 
IS  correct,  the  observed  final  structure  may  be  .iltained  through 
certain  framework  isomcrizalions  such  as  that  involving  the  di- 
amond-squarc-diamond  (dsd)"  rearrangements. 

Two  different  boron  framework  structures  arc  known  to  be 
assumed  by  arachno  hexaboranc  compounds.  One  is  the  basal- 
bridged  square  pyramid,  which  is  dealt  with  In  this  study  The 
other  is  the  belt-shaped  structure  of  B^Hi  -,''  which  is  simil.ir  t-  ' 
that  of  BftH|ii-2P(CHi)j.  .As  the  “skeletal  electron  counting" 
formalism  dictates."'  both  of  these  structures  can  be  derived  from 
the  eight-vertex  dcitahedron  (bisdisphenoid)  by  removing  two 
vertices."  An  apparent  difference  between  the  lvvi>  .vets  of  the 
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Figure  3.  Structure  and  ''B  NMR  spectra  (96  2  MHz)  of 
(CH3)3^  Spectra  (32  1  MHz)  of  B(,Hio*P(CH3),  arc  shown  in  the  box 
for  comparison:  top.  norma)  spectrum;  bottom,  proton  spin  decoupled 
spectrum. 
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arachno  compounds  is  in  the  number  of  ligands  that  arc  associated 
with  six-boron  clusters — 1 1  versus  12.  Obviously,  however,  further 
studies  need  to  be  pursued  to  elucidate  the  factors  that  determines 
the  structure  of  an  arachno  hexaboranc  compound. 

Experimental  Section 

General  consideration  and  nr<x:edurcs  for  the  cxperinicntN  were  the 
same  as  those  described  in  the  previous  reports.- '  The  NMR  data  were 


( I  i )  Examples  of  the  vertex  removal  to  achieve  struciurcN  a  and  b  arc  il¬ 
lustrated  below  Removal  of  vertices  5  and  then  (indicated  as  ‘  -SA") 


i  '\ 


results  in  structure  .A.  which  does  not  have  the  C\ symmetry  as  it  is  The 
resulting  framework  (A)  needs  to  slightly  adjust  itself  to  achieve  the 
structure  shown  in  Figure  2a  Route  “  5.2’  leads  u>  structure  A',  which 
ij  of  C,  s\mmelry.  Choice  of  the  two  routes  is  arbitrary  In  the  B,.ll|- 
ion.  the  bridging  BH,  group  is  bonded  to  the  two  basal  boron  atoms  via 
a  B-B  bond  and  a  B  fi-B  bond  '  In  this  sense,  structure  \‘  may  be 
appropriate  for  the  anion  Whereas,  in  B(,Hg*2P(CH ,)/  and 
P(CH,),.  the  two  basal  boron  atoms  arc  bonded  by  a  bridging  BH  • 
P(CH,),  group  via  a  closed  BBB  ihrcc-centcr  bond  Structure  V 
therefore,  may  fit  better  to  the  description  of  these  two  species 


obtained  on  a  Varian  XL-300  NMR  spectrometer  Samples  of 
H,,.-2P(CH :);.  which  had  been  obtained  as  the  byproduct  of  B^Hj- 
2PtC  H;)i  (or  C  HiB_.H3-2P(CH;)i)  preparation  by  the  reaction  of  B^Hg 
tor  ClHB^Hx)  with  excess  Ptf'H were  washed  with  diethyl  ether  t*i 
remove  remaining  B;H4-2P(CHj)3  (or  CHiB;H,*2P(CH,),)  and  then 
extracted  with  dichloromeihane.  The  BnHujAPtCHOj  santplc  thus  ob¬ 
tained  was  a  free-flowing  crystalline  solid,  and  its  ‘'B  NMR  spectrum 
indicated  that  the  sample  was  essentially  pure,  traces  of  impurities  being 
B:'H4*2P(CH,);  and  unidentified  boron  compounds  The  hydride  ab¬ 
straction  reactions  were  run  in  ID  mm  o.d.  Pyrex  lubes  and  were  mon¬ 
itored  with  use  the  NMR  insirumeni 

Reaction  of  B,.H|i/2P(CHi)i  with  Trityl  Salts.  A  0.4.^-mmol  sample 
of  BhH,o-2PiCH)),i  was  mixed  with  0.3'' mmol  of  C(C(,HJi‘^PFf,  in  1  5 
ml  of  dichioromcthunc  at  •  SO  ®C‘.  The  (ntenso  dark  yellow  color  of  (he 
solution  was  seen  to  slowly  fade.  When  B(jH;o*2P(CH3)i  was  treated 
similarly  with  C(Cf.H<)C BKj  in  a  1  '2.  1 ;  1 ,  or  2  1  molar  ratio,  the  same 
slow  change  occurred  also.  To  ensure  the  completion  of  reaction,  these 
solutions  were  cither  kept  at  -80  for  a  period  ol  over  .>0  h  or  brielly 
warmed  lo  0  ®C  (The  system  containing  the  PF^  ion  sjowiy  produced 
BFj  ion  when  warmed  to -45  *C.)  The  2:1  reaction  mixture  gave  the 
Imal  solution  containing  the  original  and  the  B.HgOP- 

(C'Hi)»*  cation  in  an  approximately  1:1  molar  ratio. 
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CHEMISTRY  OF  LOWER  BORANES  INVOLVING  TRIMETHYLPHOSPHINE 

1.  INTRODUCTION 

In  1975,  A. R. Dodds  clarified  the  reaction  of  pentaborane(l 1 )  with 
trimethyl amine  in  this  laboratory,^ 

BgHii  +  2  NCCH^)^  (used  in  excess)  - >  B^Hg*N(CH2)2  +  BHg*N(CHg)g  (1) 

and  isolated  the  trimethylamine  adduct  of  tetraborane(8)  as  a  sublimable 
solid  at  room  temperature.  This  finding  had  a  strong  impact  and  a 
significant  influence  on  the  subsequent  development  of  the  reaction  chemistry 
of  smaller  boranes  that  involved  strong  Lewis  bases. 

2  3 

Trimethylamine  was  known  to  cleave  diborane(6)  and  tetraborane(lO) 
to  give  the  trimethylamine  adducts  of  boranes: 

+  2  N(CHg)2  - >  2  BHg'NCCHg)^  (2) 

B^Hjq  +  2  N(CH3)3  - »  B3H7‘N(CH3)3  +  BH3*N(CH3)3  (3) 

It  therefore  was  referred  to  as  one  of  the  typical  Lewis  bases  that  effected 
"symmetrical  cleavage"  of  boranes.  [The  term  "symmetrical  cleavage"  is  used 
for  a  type  of  borane  cleavage  reactions  that  produces  a  BH3  fragment, 

e.g. , equations  1,  2,  and  3.  For  another  type  of  borane  cleavage  that 

+  4  5 

produces  a  BH2  unit,  the  term  "unsymmetrical  cleavage"  is  used.  ’  Typical 

examples  of  the  unsymmetrical  cleavage  are  seen  in  the  reactions  of  B2Hg, 

B^Hj^q,  and  with  ammonia,  which  give  the  BH^',  B3Hg~,  and  B^Hg~  salts  of 

the  H2B(NH3)2^  cation,  respectively^*^’^].  However,  the  reaction  of  this 

base  with  pentaborane(ll)  did  not  appear  to  give  the  expected  symmetrical 
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cleavage  products  of  pentaborane(H),  B^Hg‘N(CH2)2  and  BHg*N(CH2)g.  It  was 

Q 

reported  that  the  reaction  gave  a  complex  mixture  of  boron  hydride 
compounds.  This  observation  was  reproducible  also  in  this  laboratory  in 
earlier  days.  On  the  other  hand,  the  symmetrical  cleavage  of  pentaborane(ll) 
with  CO^  and  PF2X  [X  =  Cl,^°  Br,^°  and  N(CH3)2^^’^^]  had  been 

established,  and  the  B^Hg  adducts  of  these  Lewis  bases  had  been  isolated  and 
characterized.  It  was  generally  assumed,  on  the  basis  of  these  observations, 
that  "B^Hg*N(CH3)3"  was  unstable  due  to  the  strong  basicity  of 
trimethylamine.^*^^ 

Dodds  initially  prepared  B^Hg*N(CH3)3  by  adding  trimethylamine  to  a 
mixture  of  BH3*S(CH3)2  and  B^Hg*S(CH3)2. which  was  obtained  from  the 
reaction  of  pentaborane(ll)  with  dimethylsulf ide.  Once  isolated, 

B^Hg*N(CH3)3  was  found  to  be  stable  toward  Lewis  bases.  In  the  presence  of 
excess  trimethylamine,  the  integrity  of  the  B^Hg  unit  was  maintained  and  the 
^(trimethylamine)  adduct  of  B^Hg  was  formed.  The  bis(amine)  adduct  could 
be  isolated  below  -dO’C. 

B4Hg-N(CH3)3  +  N(CH3)3  B^Hg-2N(CH3)  3  (4) 

These  trimethylamine  adducts  of  B^Hg,  however,  were  very  reactive  to  acids 
including  pentaborane{ll) .  It  was  this  property  of  the  adducts  that  caused 
the  difficulty  in  isolating  B^Hg*N{CH3)3  in  earlier  days.  When 
pentaborane(ll)  and  trimethylamine  were  mixed  in  a  1:2  molar  ratio  and  the 
reaction  was  allowed  to  proceed  slowly  at  low  temperatures,  a  portion  of  the 
initially  formed  B^Hg*N(CH3)3  reacted  with  pentaboranp(ll)  which  was  still 
present,  and  thus  the  reaction  mixture  was  contaminated  with  unstable  side 
products.  Isolation  of  the  B^Hg  adduct  from  such  a  mixture  became  extremely 
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difficult  if  not  impossible.  The  unfavorable  secondary  reactions  were 
suppressed  and  the  symmetrical  cleavage  reaction  of  the  borane  was  effected 
cleanly  by  using  an  excess  of  trimethylamine  in  the  cleavage  reaction  of 
B5H11  (equation  1). 

H.Kondo  in  this  laboratory  prepared  the  hexamethylenetetramine  adduct 

14 

of  B^Hg  by  the  following  reaction  in  chloroform. 

4  BgHjj  +  5  N^(CH2)g  - >  4  B^Hg‘N^(CH2)g  +  N4{CH2)g-4BH3  (5) 

The  observed  thermal  stability  of  these  amine  adducts  of  B^Hg  was,  contrary 

to  the  earlier  speculation,  not  lower  than  that  of  the  other  previously 

reported  adducts  of  B^Hg,  and  was  certainly  higher  than  that  of  the  weakly 

basic  CO  or  PFg  adduct.  The  above  observations  taken  together  prompted  the 

investigation  of  related  borane  chemistry  in  which  strong  bases  were 

■Involved.  Trimethylphosphine  was  chosen  as  the  base  to  be  tested  for  the 

investigation  because  of  its  established  strong  base  character  toward 
15 

boranes,  the  absence  of  detrimental  functional  groups  attached  to  it,  and 
the  ease  of  its  handling  in  conventional  vacuum  lines. 

2.  REACTIONS  OF  SOME  BORANES  WITH  EXCESS  TRIMETHYLPHOSPHINE 
2.1.  Pentaborane(ll) 

When  treated  with  excess  trimethylphosphine,  pentaborane(ll)  was 
cleaved  cleanly  into  the  B^Hg  and  BHg  fragments. 

BgHj^  +  3  P{CH3)3  - >  B^Hg-2P(CH3)3  +  BH3-P(CH3)3  (6) 

Unlike  the  bis(amine)  adduct,  the  bis(phosphine)  adduct  would  not  dissociate 
at  room  temperature.  Because  of  the  stability  of  this  adduct,  preparation  of 
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the  mono-adduct  B^Hg*P(CH2)2  was  better  accomplished  by  treating  the 
bis(adduct)  with  diborane^^: 

B4Hg-2P(CH3)3  +  1/2  02^6  - ^  B^Hg-P(CH3) 3  +  BH3-P(CH3) 3  (7) 

Several  other  indirect  methods  were  developed  for  the  preparation  of 

summari2ed  in  a  separate  paper.  The  reaction  of 
pentaborane{ll)  with  trimethylphosphine  in  a  1:2  molar  ratio  gave  an 
unfavorable  result  similar  to  what  was  observed  in  the  reaction  with 
trimethylamine.  The  mono(trimethylphosphine)  adduct  of  B^Hg  was  a 
sublimable  solid  and  was  more  stable  than  the  corresponding  trimethylamine 
adduct.  Apparently,  the  strong  basicity  of  trimethylphosphine  provided  a 
strong  bond  between  the  borane  fragment  and  the  base,  and  thus  increased  the 
stability  of  the  adduct. 


When  B^Hg*2P(CH3)3  was  treated  with  excess  trimethylphosphine,  two 
different  modes  of  cleavage  reaction  slowly  occurred  according  to  the 

IQ 

following  equations. 


B^Hg-2P(CH3)3  +  2  P(CH3)3 


2  B2H4-2P(CH3). 


(8) 


BH3-P(CH3)3  +  B3H5-3P(CH3)3  (9) 


The  distribution  of  the  two  cleavage  modes  appeared  to  depend  upon  the 
reaction  conditions.  The  cleavage  products  were  stable  at  room  temperature 
in  the  presence  of  excess  P(CH3)3  and  did  not  undergo  further  changes. 
Although  BH3*P(CH3)3  and  B2H^‘2P{CH3) 3  are  sublimable  solids  at  room 
temperature,  the  triborane  adduct  is  unstable.  It  released  two  of  its  three 
phosphines  when  subjected  to  pumping  above  O’C,  and  changed  into  the 


bis(trimethylphosphine)  adduct  of  hexaborane(lO) 


19. 
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2  B3H5-3P(CH3)3  - ^  BgH^Q-2P(CH3) 3  +  4  P(CH3)3  (10) 

2.2.  Pentaborane(9) 

When  pentaborane{9)  was  treated  with  a  large  excess  of 

trimethylphosphine  in  acetonitrile  or  dichloromethane,  or  when  it  was 

dissolved  in  trimethylphosphine,  BgHg*2P{CH3)3  which  formed  initially, 

reacted  slowly  with  the  phosphine  at  room  temperature  and  a  colorless,  clear 

solution  resulted.  One  of  the  products  was  B2H^*2P(CH3)3  and,  contrary  to 

the  general  expectation  at  that  time,  no  BH3*P(CH3)3  was  formed.  On  the 

basis  of  the  observed  reaction  stoichiometry,  the  yield  of  B2H^*2P(CH3) 3  and 

the  result  of  the  vapor  pressure  depression  measurements  of 

trimethylphosphine  solutions  of  the  products,  the  reaction  was  represented  by 

19 

the  following  equation  : 

BgHg-2P(CH3)3  +  3  P(CH3)3  - >  B2H^-2P(CH3) 3  +  63H5-3P(CH3) 3  (11) 

This  reaction  represented  a  new  type  of  borane  cleavage,  a  cleavage  that  did 
not  produce  a  BH3  adduct. 


2.3.  Hexaborane(lO) 

Hexaborane(lO)  also  underwent  cleavage  reactions  when  treated  with  a 

large  excess  of  trimethylphosphine.  This  reaction  was  preceded  by  the 

stepwise  formation  of  B5H^q'P(CH3)3^^  and  BgH^Q*2P(CH3) 3.^^  The  cleavage 

23 

appeared  to  occur  in  two  different  modes  as  indicated  below. 
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>  B^Hg-4P(CH2)3  (ca.  60*)  (12) 

Vi0'2''(“3>3  •  "  ’’<“3>3  - 

->  2  8jH,-3P(CHj)j  (cj.aot)  (13) 

The  results  were  similar  to  those  observed  for  Formation  of 

BH3*P(CH3)3  did  not  occur,  the  resulting  solution  in  liquid 
trimethylphosphine  remained  colorless  and  clear  for  days  at  room  temperature, 
and  the  final  products  were  all  "electron  sufficient"  (or  electron  precise). 

The  above  described  reactions  of  boranes  with  excess 
trimethylphosphine  demonstrated  that  treatment  of  boranes  with  a  strong  base 
does  not  necessarily  result  in  the  formation  of  an  intractable  mixture  of 
borane  compounds.  Generally,  the  resulting  borane  adducts  are  reactive 
towards  acids,  but  are  inert  to  bases.  The  ultimate  "Inertness"  of  the 
borane  adducts  toward  bases  is  reached  when  electron  sufficiency  is  attained. 

This  is  achieved  by  removal  of  electron  deficiency  by  successive  base 
additions.  Strong  bases  are  more  capable  than  weaker  bases  of  removing  the 
"electron  deficiency"  from  borane  compounds.  Cleavage  of  the  borane 
framework  occurs  during  this  process  of  base  addition.  [Nido  boranes  (e.g. 

BgHg  and  BqHjq)  are  cleaved  into  two  fragments,  and  arachno  boranes  (e.g. 

®4^10  cleaved  into  three  fragments.]  Ultimately,  each  mole  of 

pentaborane(9)  and  pentaborane( 11)  reacted  with  five  moles  of  P(CH2)2  and 
each  mole  of  hexaborane(lO)  reacted  with  six  moles  of  P(CH2)3,  to  produce  the 
electron  sufficient  adducts  of  borane  fragments. 
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3.  THE  HYPHO  CLASS  AOOUCTS  OF  TE TRABORANE (8) 

3.1.  Formation  of  B^Hg*L*L' 

The  bis(trimethy lamine)  and  ois(trimethylphosphine)  adducts  of 

tetraborane(8)  both  belong  to  the  hypho  class  of  boron  hydride  compounds.  At 

the  time  these  two  compounds  were  isolated  only  a  few  hypho  class  tetraborane 

24 

adducts  were  known.  Muetterties  obtained  B^Hg*TME0  (TMED  = 

tetramethylethylenediamine)  by  the  alcoholysis  of  BgHg*TME0  which  he  obtained 

by  the  direct  reaction  of  with  the  diamine.  The  two  unstable  adducts  of 

carbon  monoxide-tetraborane(8) ,  8^Hg*CO‘(CHg)20  and  B^Hg'CO'CH^CN,  which  were 
25 

reported  by  Burg,  may  also  be  classified  as  hypho  adducts  of  B^Hg. 

Formation  of  the  N(CH2)2  and  P(CH2)g  adducts  of  B^Hg*C0  was  observed  as 

unstable  intermediates  in  the  carbon  monoxide  displacement  reactions  of 

B.Ho*C0  with  these  bases. 

4  8 

In  general,  both  B^Hg«N(CHg)g  and  B^Hg*P(CHg)2  reacted  with  various 

Lewis  bases  (L)  of  adequate  strength  to  form  hypho  class  adducts  with  the 

formulas  B^Hg*N(CHg)g*L^  and  B^Hg»P(CHg) ^'L. Furthermore,  even  the 

nonahydrotetraborate(l-)  anion  (B^Hg*),  which  may  formally  be  considered  to 

be  the  H*  adduct  of  B^Hg,  combined  with  some  Lewis  bases  to  give  anionic 
27 

adducts  (B^Hg'L  ).  These  bis(base)  adducts  prepared  in  this  laboratory  are 
B^Hg-2N(CH3)3,^‘^  B^Hg.N{CH3) 3-N(CH3) ^H,  B^Hg-N(CH3)  3*N(CH3)H2, 

B^Hg-N(CH3)3-NH3,^^  B4Hg-2P(CH3)  3,  B^Hg.P(CH3)  3.P[N(CH3)  3. 

B4Hg-P(CH3)3-N(CH3)3,^^  8^85.8(083)3',^^  B^Hg.P[N(CH3) 3', and 
8^85*883  The  stability  of  each  of  the  adducts  listed  is  dependent 

upon  the  nature  of  the  ligand  bases  involved.  The  bis(trimethylphosphine) 
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adduct  is  stable  enough  to  be  sublimed  at  room  temperature,  but  the  other 
adducts  can  be  isolated  or  identified  only  at  low  temperatures.  At  higher 
temperatures,  these  unstable  adducts  either  lose  the  weaker  of  the  two  bases, 
or  undergo  complex  decompositions. 

3.2.  Site  Preference  of  the  Two  Different  Bases 

One  of  the  characteristic  properties  common  to  the  bis(base)  adducts 
of  B^Hg  is  the  fluxional  behavior  of  the  molecules.  The  ^^B  NMR  spectra  of 
B^Hg*2P(CHg)g  Indlcated  that  the  molecules  were  undergoing  rapid 
intramolecular  conversions  at  room  temperature.^® 


M 


The  NMR  spectra  showed  that  this  conversion  was  accompanied  by  rapid 
migration  of  all  eight  hydrogen  atoms  in  the  B^Hg  moiety.  In  a  low 
temperature  ^^B  spectrum,  the  signal  of  the  phosphine-attached  boron  atoms  is 
split  (see  Figure  1),  indicating  slowing  of  the  motion  at  that  temperature. 

By  comparing  the  two  shift  values  of  the  phosphine-attached  boron  atoms  with 
those  of  BgH^*P(CH2)g  and  BH^'P(CHg)g,  the  high-field  and  low-field  signals 
were  assigned  to  the  apical  and  basal  boron  atoms,  respectively.  Presumably, 
a  similar  conversion  occurs  in  B^Hg*2N(CHg)g  molecules. 
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In  the  hetero-bis(bdse)  adducts,  this  type  of  rapid  conversion  brings 
about  an  equilibrium  of  two  isomers.  The  site  preference  of  the  two 
different  bases  determines  the  relative  stabilities  of  the  two  isomers.  An 
example  is  seen  in  B^Hg*P(CH2)2*N(CH2) At  -SO^C,  this  adduct  undergoes  a 
rapid  conversion  relative  to  the  NMR  time  scale: 


In  the  NMR  spectrum  of  the  compound  at  -30®C,  only  three  signals  appear. 
See  Figure  2b.  These  are  assigned  to  the  amine-attached  boron  atom,  the  two 
non-ligated  boron  atoms  and  the  phosphine-attached  boron  atom  going  up-field. 
At  -80®C  the  phosphine-attached  boron  signals  are  split  into  two.  See  Figure 
2a.  The  amine-attached  boron  signal  also  should  be  split  although  this  is 
not  apparent  in  the  figure  due  to  the  broadness  and  the  overlap  of  the 
signals.  As  in  the  case  of  B^Hg*2P{CHg)2,  the  more  intense,  high-field 
signal  of  the  two  phosphine-attached  boron  signals  is  assigned  to  the  apex 
boron  atom.  Thus,  trimethylphosphine  prefers  the  apical  position  to  the 
basal  position  in  the  structure  when  competing  with  trimethyl  ami  he. 

3.3.  Another  Form  of  the  Diammoniate  of  Tetraborane(lO) 

Tetraborane(lO)  forms  an  ammoniate  with  the  formula 
H2B(NH2)2^B2Hg’.®  The  original  preparation  of  this  diammoniate  of 
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tetraborane(lO)  was  performed  under  a  specific  set  of  reaction  conditions. 
Tetraborane(lO)  and  ammonia  were  mixed  in  a  1:2  molar  ratio  in  diethyl  ether 
at  -78  “C  and  the  mixture  was  aged  for  a  week  at  that  temperature.  Removal 
of  the  solvent  from  the  resulting  solution  gave  a  crystalline  solid  of  the 
diammoniate.  The  formation  of  the  diammoniate  of  tetraborane(lO)  was 
compared  with  the  formation  of  the  diammoniate  of  diborane(6) 

H2B(NH2)2^BH^','*  and  was  taken  as  a  typical  case  of  the  "unsymmetrical " 
cleavage  of  tetraborane(lO).  However,  the  reason  for  these  particular 
reaction  conditions  for  the  diammoniate  formation  was  not  completely 
understood.  If  ammonia  was  added  in  excess,  or  if  the  temperature  was  raised 
rapidly  above  -40  “C,  complex  reactions  occurred,  unstable  products  formed, 
and  the  diammoniate  could  not  be  obtained. 

The  adduct  formation  of  the  anion  mentioned  earlier  in  this 

section  offers  an  explanation  for  the  restricted  conditions,  when  combined 

28 

with  the  following  observation  made  by  Shore  and  coworker.  They  showed 
that  tetraborane(lO)  undergoes  a  rapid,  reversible  deprotonation  reaction 

with  ammonia  (B^Hj^q  +  NH^  - - hH^'^’B^Hg*) ,  and  that  the  irreversible 

cleavage  reaction  proceeds  slowly  to  give  H2B(NH2)2^B2Hg'.  If  ammonia  is 
present  in  excess  and  in  high  concentration,  it  will  react  with  the  initially 
produced  B^Hg  to  give  the  B^Hg*NHg  anion.  The  adduct  anion  is  stable  only 
below  -40  “C  and,  unlike  the  B^Hg  anion,  it  will  not  revert  to  Thus, 

the  presence  of  the  adduct  anion  renders  the  entire  product  of  the  reaction 
unstable  and  intractable.  The  formation  of  this  anion  could  be  minimized  by 
using  solvent,  by  keeping  the  temperature  low  and  by  limiting  the  amount  of 
ammonia  in  the  reaction  mixture. 


1  2 
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The  NMR  spectrum  of  a  liquid  ammonia  solution  of  tetraborane( 10) 

(below  -45®C)  was  identical  with  that  of  an  ammonia  solution  of 

+  -  29 

indicating  the  exclusive  formation  of  NH^  B^Hg'NHg  .  This  ammonium  salt 
has  the  composition  "B^Hj^Q*2NHg",  and  thus  represents  another  form  of  the 
diammoniate  of  tetraborane(lO) .  Furthermore,  the  formation  of  such  an  adduct 
anion  may  help  to  explain,  at  least  in  part,  the  even  more  stringent  reaction 
conditions  that  were  required  for  the  preparation  of  the  diammoniate  of 
pentaborane(ll),  H2B(NH2)2^B^Hg  J 

4.  REACTION  CHEMISTRY  OF  B2H^*2P(CH2) ^ 

In  an  earlier  section,  the  formation  of  "electron  sufficient"  borane 

adducts  was  described.  A  boron  hydride  compound  with  the  formula  ^^^20+2'^' 

is  electron  sufficient  (or  electron  precise),  and  the  molecule  is  of  chain 

30 

structure.  The  number  of  skeletal  electrons  for  such  a  molecule  is  4n  +  2, 
or  2n+(2n+2).  Replacement  of  n  number  of  H”  in  such  a  molecule  by  the  same 
number  of  trimethylphosphine  gives  a  neutral  trimethylphosphine  adduct  which 
is  electron  sufficient.  These  molecular  adducts  are  represented  by  the 
following  series  of  adducts:  BHg*P{CHg)g,  B2H^’2P(CHg)g,  BgHg*3P(CHg) g, 

3  forth. 

Each  member  of  the  above  series,  because  of  its  electron  sufficiency 
and  because  of  the  strong  donor  property  of  the  trimethylphosphine  in  it,  was 
expected  to  be  more  susceptible  to  electrophilic  reagents  and  to  have  its 
borane  hydrogen  atoms  more  hydridic  in  character,  than  other  neutral  boranes 
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and  borane  adducts  which  contain  the  same  number  of  boron  atoms  but  fewer 
skeletal  electrons.  Thus,  these  adducts  were  expected  to  show  certain 
behaviors  characteristic  of  bases.  It  was  of  interest  to  investigate  the 
reaction  chemistry  of  82H^*2P(CH2)2  to  reveal  the  properties  of  the  adduct 
that  stem  from  its  electron  sufficiency. 

4.1.  Formation  of  the  B2Hg*2P(CH2)2^  Cation 

Bis(trimethylphosphine)diborane(4) ,  B2H^‘2P(CH2)2*  'reacted  with 

diborane(6)  and  with  tetraborane(lO)  according  to  the  following  equations. 

-30®C  + 

B2H^*2P(CH3)3  +  3/2  B^Hg  -  -  >  B3Hg‘2P(CH3) 3  B^H^  (14) 

B2H4-2P(CH3)3  +  ^  B3Hg-2P(CH3) 3''B3Hg'  (15) 

Although  the  salt  of  bis(trimethylphosphine)hexahydrotriboron(l+) 

cation  was  stable  only  below  -30®C,  the  6382  salt  was  stable  at  room 
temperature.  The  structure  of  83Hg*2P(CH3)3'^B3Hg'  is  shown  in  Figure  3. 

The  cation  is  isoelectronic  and  isostructural  with  B3H^*P(CH3)3  and  B3Hg  . 

Successive  replacement  of  trimethylphosphine  in  the  cation  by  H'  yields  the 
structures  of  the  neutral  and  anionic  compounds. 

The  triboron  complex  cation  is  stable  toward  acids  but  reactive  toward 
bases.  Thus,  the  reaction  of  the  salt  with  anhydrous  HCl  gives  the 

HCI2'  salt,^^  and  with  HCl  in  the  presence  of  BCI3  gives  the  BCl^”  salt  of 
33 

the  cation.  With  trimethylamine  or  trimethylphosphine,  however,  the  cation 
undergoes  reactions,  which  apparently  are  dependent  upon  the  nature  of  the 
counter  anions.  For  example, 
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B3Hg'2P(CH3)3‘"B2H7'  +  3  L  - > 

B2H^*2P(CH3)3  +  3  BH^L  (16) 

^21  - > 

B4Hg*P(CH3)3-L  +  BH3-P(CH3)3  +  BH3-L  (17) 

where  L  =  N(CH3)3  or  P(CH3)3. 

5 

Earlier,  Parry  and  Edwards  extended  their  coordination  chemistry  view 
of  boron  hydride  compounds  such  as  H2B(NH3)2^  and  H3B*NH3,  to  the  formation 
of  B-H-B  bridge  bonds,  and  considered  the  bridge  bond  formation  as  a  result 
of  the  coordination  of  the  B-H  hydrogen  to  the  other  boron  atom.  The  scheme 
may  be  represented  as  Bnl^B.  A  number  of  boron  hydride  compounds  can  be 
regarded,  by  this  formalism,  as  coordination  compounds  containing  the  B-^i>-*B 
coordinate  bonds.  For  example,  tetraborane(lO)  can  be  regarded  as  a 
coordination  compound  resulting  from  the  combination  of  BH3  and  B3H7  groups, 
each  of  the  two  groups  serving  as  both  an  acid  and  a  base,  or  can  be  regarded 
as  the  result  of  chelate  coordination  of  B3Hg'  to  BH^^.  In  this  Parry- 
Edward's  view,  the  above  described  triboron  cation  may  be  looked  upon  as  a 
complex  of  BH^^  with  a  bidentate  ligand  B2H^*2P(CH3)3  coordinating  through 
two  B-H-B  bridge  bonds.  Thus,  the  formation  of  the  triboron  cation  from 
diborane(6)  and  tetraborane(lO)  compares  with  the  reactions  of  these  boranes 
with  diamines,  in  which  chelate  complex  cations  are  formed.  ’ 
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In  terms  of  the  borane  cleavage  classification,  the  above  formation  of 

the  triboron  cation  is  the  unsymmetrical  cleavage  of  diborane(6)  and 

tetraborane(lO)  by  a  base,  B2H^*2P(CH2)2.  Certain  bases  bring  about  the 

unsymmetrical  cleavage  of  both  diborane(6)  and  tetraborane(lO) .  Some  of 

these  bases,  such  as  ammonia,  also  cause  unsymmetrical  cleavabe  of 
4  6  7 

pentaborane(ll) .  ’  ’  The  reaction  of  B2H^*2P(CH2)2  with  pentaborane(ll) , 
however,  did  not  give  the  unsymmetrical  cleavage  products  of  the  borane. 

B5H11  +  2NH3  - >  H2B(NH3)2\Hg‘  (18) 

B5H11  +  B2H4-2P(CH3)3  - X - >  B3Hg-2P(CH3) 3^6^85'  (19) 

Instead,  BgHg‘P(CH3)3  was  produced  in  this  reaction  which  will  be  described 
in  Section  4.3. 

It  is  noted  that  bis(trimethylphosphine)-methyldiborane(4) 

CH3B2H3‘2P(CH3)3  gave  methyl  derivatives  of  the  triboron  cation 

CH3B3Hg‘2P(CH3)3^  when  treated  with  diborane(6)  or  tetraborane(lO)  (two 

31  37 

isomers  of  the  cation  were  identified),  ’  and  that  the  reaction  of 
B2H^*2P(CH3)3  with  boron  trifluoride  gave  a  difluoro  derivative  of  the 
triboron  cation  B3H^F2‘2P(CH3)3^  as  the  B^F^  salt.^^’^^  Thus,  the 
formation  of  the  triboron  cation,  or  the  chelation  of  diborane(4)  moieties 
through  two  vicinal  hydrogen  atoms,  appears  to  be  a  general  type  of  reaction. 

4.2.  Formation  of  Metal  Complexes  of  B2H^’2P(CH3)3 

By  extending  the  coordination  chemistry  formalism  of  the  triboron 
cation  to  systems  which  contain  metals  as  the  coordination  center. 
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B2H^*2P{CH2) j  complexes  of  ZnCl^,  CuC1(PPh2)i  and  Ni(C0)2  were  prepared 
by  the  following  reactions  and  were  isolated  at  room  temperature  as  solids. 

B2H^-2P(CH3)3  t-  ZnCl2  - ^  ZnCl 2*B2H4-2P{CH3)  3  (20) 

B2H^'2P(CH3)3  +  CuCl(PPh3)3  - ^  CuCl (PPh3) •B2H4-2P(CH3) 3  +  2PPh3  (21) 

B2H^*2P(CH3)3  +  Ni(C0)4  - »  Ni (CO) 2‘B2H^*2P(CH3) 3  +  2C0  (22) 

The  structure  of  the  zinc  complex  was  confirmed  by  x-ray  method  to  be  similar 

38 

to  that  of  the  triboron  complex  cation.  See  Figure  4.  The  infrared  and 
NMR  data  of  these  complexes  suggested  that  the  structures  of  the  other  two 
metal  complexes  were  similar  to  that  of  the  zinc  compound.  These  complexes 
liberated  B2H^*2P(CH3)3  readily  when  treated  with  trimethylphosphine.  In  the 

case  of  the  nickel  complex,  even  a  weakly  basic  ligand  such  as  CO,  PF3,  or 

39 

PH3  displaced  the  borane-adduct  ligand.  Anhydrous  hydrogen  chloride 
reacted  with  these  complexes  and  produced  the  trimethylphosphine  adducts  of 
8H3  and  BH2CI,  which  are  known  to  be  the  cleavage  products  of  B2H^*2P(CH3)3 

IQ  11 

by  HC1.  The  labile  nature  of  the  zinc  complex  was  shown  in  the  B  NMR 

spectra  of  a  dichloromethane  solution  containing  the  complex  and  excess 
B2H^*2P(CH3)3:  The  signals  of  the  two  compounds  coalesced  at  room 
temperature.^® 

Examples  of  the  coordination  of  boron  hydride  compounds  through  B-H-M 

41 

three  center  dra  abunda'^t  m  the  literatures.  The  following  are  a 

few  of  the  representative  cases:  M(BH^)^  (M  =  variety  of  metals,  BH^'  as 

2- 

bidentate  or  tridentate  ligand);  Mn3(C0) j^QHB2Hg  (82^0  as  bidentate  ligand); 
Cr(C0)^B3Hg  and  Mn(C0)^B3Hg  (B3Hg  as  bidentate  ligand);  Mn(C0)3B3Hg  (B3Hg 
as  tridentate  ligand).  However,  in  these  compounds  the  borane  ligands  are 
anionic  species.  Thus,  the  above  described  B2H^*2P(CH3)3  complexes 
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demonstrate  the  ability  of  a  neutral  borane  adduct  to  coordinate  to  metal 
centers. 

In  contrast  to  the  ready  complex  formation  of  B2H^‘2P{CH2) ^  with 

metals,  both  BH2’P(CH2)2  and  B2H^*P(CH2)2  failed  to  react  with  zinc  chloride 

under  conditions  comparable  to  those  employed  for  the  formation  of 
40 

ZnCl2*B2H^*2P(CH2)2-  It  appears  that  the  observed  stability  of 
B2H^*2P(CH2)2  complexes  is  due  both  to  the  favorable  chelate  "bite”  distance 
between  the  two  vicinal  hydrogen  atoms  and  to  the  enhanced  hydridic  character 
of  the  hydrogen  atoms  in  the  electron  sufficient  adduct.  In  BH2‘P(CH2)2  the 
geminal  H***H  distance  is  probably  unfavorable  for  chelation  to  the  metal. 

In  B2H^*P(CH2)2  the  vicinal  distance  would  be  comparable  to  that  in 

B2H^*2P(CH2)2.  However,  because  of  the  lack  of  electron  density,  the 
hydrogen  atoms  would  not  be  sufficiently  hydridic  for  the  complex  to  form. 

The  behaviors  of  the  BH^  and  B^H^  phosphine  adducts  also  contrast  with  the 
known  abilities  of  the  BH^"  and  B^Hg”  anions  to  form  bidentate  chelate 
complexes.  The  anionic  charge  is  thought  to  facilitate  the  coordination  to 
metals. 

Similar  ligand  behavior  is  expected  of  the  other  electron  sufficient 
borane  adducts.  At  this  time,  characterization  of  the  complexes  of  this 
category  is  not  complete.  However,  an  aspect  of  this  coordination  chemistry 
was  demonstrated  in  the  following  observation.  When  zinc  chloride  was  added 
to  a  1:1  molar  mixture  of  B2H^*2P(CHg)g  and  B2Hg*3P(CH2) ^  in  cold 
dichloromethane,  zinc  chloride  combined  preferentially  with  the  triborane 
adduct.  The  zinc-triborane  complex  was  insoluble  in  diethyl  ether,  and 
therefore  could  be  separated  at  low  temperatures  from  the  unchanged 
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B2H^*2P(CH2)2  as  a  solid  which  was  unstable  at  room  temperature.  The 
flexible  "bite"  distance  and  the  enhanced  hydridic  character  of  hydrogen 
atoms  in  B2Hg*3P(CH2)2  thought  to  contribute  to  the  added  stability  of 
the  complex  at  low  temperatures. 

4.3.  Borane  Expansion  Reaction 

The  B2H7”  salt  of  the  triboron  complex  cation  decomposes  at  room 

31 

temperature  according  to  the  following  equation  : 

B3Hg‘2P(CH3)3'*’B2H7'  - >•  B3H^*P(CH2)3  +  BH2*P(CH3)3  +  1/2  B2Hg  (23) 

Therefore,  the  equation  for  the  overall  reaction  of  B2H^*2P(CH2)2  with 
diborane(6)  at  room  temperature  is 

B2H^*2P(CH3)2  +  B2Hg  - >  B3H7‘P(CH3)3  +  BH3*P(CH3)3  (24) 

In  this  reaction,  a  two-boron  species  B2Hg  is  converted  into  a  three-boron 
species  83H^‘P(CH3)3.  The  borane  framework  is  expanded  by  one  boron  atom. 

The  generality  of  this  borane  expansion  is  demonstrated  by  the  following 
reactions: 


B2H^*2P(CH3)3  +  B3H7«THF  - > 

B^Hg-P(CH3)3  +  THF  +  BH3*P(CH3)  3^^ 

(25) 

*  “4"8’'’"3  - " 

B5Hg-P(CH3)3  +  PH3  ^  BH3-P(CH3)3''^ 

(26) 

62Hj-2P(CH3)3  +  B5Hg-P(CH3)3  - 

— ^  BgH^g-2P(CH3)3  +  BH3-P(CH3)3'’^ 

(27) 

B2H^-2P(CH3)3  BgH^^  - > 

44 

B5Hi2-P(CH3)3  +  BH3pP(CH3) 3^^ 

(28) 

In  effect,  B2H^*2P(CH3) 3  breaks  up  into  BH*P(CH3)3  and  BH3*P(CH3)3,  and  the 
BH*P(CH3)3  portion  adds  to  the  borane  substrate  to  form  the 
trimethylphosphine  adduct  of  the  expanded  borane.  Although  the  weak  base 
adducts  of  83!!^  or  B^Hg  undergo  the  expansion  reaction  as  indicated  above, 
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trimethylamine  and  trimethylphosphine  adducts  of  the  same  boranes  do  not 
react  with  B2H^*2P(CH2)2-  Presumably,  the  borane  substrates  need  to  have  a 
certain  degree  of  acidity,  or  electrophi licity,  in  order  to  undergo  the 
reaction  with  B2H^*2P{CH2) Generally,  as  the  size  of  the  borane-cage 
structure  becomes  larger,  the  acidity  of  the  borane  increases.  Thus, 


acidic  enough  to  undergo  the  expansion  reaction  with 
B2H^*2P(CH2)2i  whereas  the  trimethylphosphine  adducts  of  tri-  and 
tetraboranes  are  not  acidic  enough  to  react. 


The  reaction  of  pentaborane(ll)  with  B2H^*2P(CH2)2  proceeded  rapidly 
at  '80®C  to  give  the  expanded  adduct  BgHj^2'P(CH2)3»^^  This  compound  was 
identified  originally  by  J.R.  Long  in  Shore's  laboratory  as  the  product  of 
trimethylphosphine  addition  to  higher  temperatures  this  adduct 

undergoes  two  simultaneous  decomposition  reactions. 


B5Hg.p(CH3)3  .  1/2  B2Hg 

BgHg  +  BH3-P(CH3)3 


(75i) 

(25X) 


(29) 

(30) 


Thus,  the  overall  reaction  of  pentaborane(U)  with  B2H^*2P(CH3)3  serves  as  an 
alternative,  practical  method  for  the  preparation  of  BgHg*P(CH3)3.  This 
mono-adduct  of  B^Hg  cannot  be  prepared  by  the  direct  reaction  of 


pentaborane(9)  with  trimethylphosphine. 


5.  POLYBORON  COMPLEX  CATIONS 

Formation  of  the  triboron  complex  cation  B3Hg*2P(CH3)3‘^  was  described 
in  Section  4.1.  The  cation  represented  a  member  of  a  new  generation  of 
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borane  compounds,  and  the  isolation  and  characterization  of  this  new  cation 

completed  the  isoelectronic  and  isostructural  trio,  B2Hg*2P(CH2) 

B2H7*P(CH2)2  and  It  was  of  interest  to  establish  the  other  members  of 

this  new  family  of  cationic  species  with  the  general  formula 

investigate  the  structural  correlations  with  the 

isoelectronic  species,  B^H^^^*P(CHg)g  and  . 

For  the  same  reason  discussed  earlier,  the  hydrogen  atoms  in  the  hypho 

class  trimethylphosphine  adducts  of  boranes  were  expected  to  have  an  enhanced 

hydridic  character,  and  therefore  the  facile  removal  of  a  hydrogen  atom  as  H' 

from  these  adducts  was  anticipated.  Indeed,  the  trityl  cation  could 

successfully  be  used  to  abstract  a  hydride  ion  from  B^Hg*2P(CHg)g  and 

46  47 

BgHg*2P(CHg)g,  and  thus  the  desired  cations  were  obtained.  ’ 


B4Hg.2P(CH3)3  .  - 

— »  B,Hy.2P(CH3)3%,‘  ♦  HC(C5H5)3 

(31) 

B5H9-2P(CH3)3  .  - 

B5Hg.2P(CH3)3*BF,-  .  HC(C5H5)3 

(32) 

These  reactions  proceeded  at  -80‘’C  in  dichloromethane.  The  BF^'  salt  of  the 
tetraboron  complex  cation  B^H^*2P(CHg)g^  was  a  stable  solid  at  room 
temperature  in  the  absence  of  air.  The  salt  of  the  pentaboron  complex  cation 
BgHg*2P{CHg)g^,  howevec,  was  stable  only  below  and  decomposed  readily 

at  room  temperature.  These  cations  were  very  sensitive  to  moisture  and 
formed  the  BgHg*2P(CHg)g^  and  B^H^’2P(CHg)g^  cations,  respectively,  when 
exposed  to  a  slight  amount  of  moisture. 

Hydride  removal  could  also  be  effected  by  BgH^*THF  on  B^Hg*2P{CHg) ^  in 
dichloromethane  at  -10®C  as  evidenced  by  the  formation  of 
B^Hy*2P(CHg)2^BgHg  .  However,  above  20®C  an  exchange  reaction  proceeded 
slowly  between  the  cation  and  the  anion. 
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B4Hg-2P(CH3)3  +  B3H7«THF  - >  B^H7-2P(CH3) 3  B3Hg'  +  THF  (33) 

B^H7*2P(CH3)3  B3Hg'  - >  B^Hg-P(CH3)3  +  B3H7-P(CH3)3  (34) 

The  pentaborane  adduct  BgHg*2P(CH3)3  would  not  yield  H  to  B3H^*THF  in  the 

temperature  range  where  the  pentaboron  complex  cation  was  stable.  At  higher 

temperatures  a  complex  mixture  of  borane  compounds  was  produced. 

46 

The  NMR  spectra  of  the  tetraboron  cation  indicate  that  its  structure 
is  of  Cj^  symmetry,  and  are  consistent  with  the  structure  shown  in  Figure  5, 
which  can  be  derived  from  the  structures  of  isoelectronic  sister  compounds 

‘  isoelectronic  and  isostructural  feature 

for  the  arachno  tetraboron  trio  is  apparent.  Similarly,  the  structure  of  the 

BgHg'2P(CH3)3^  cation  is  of  symmetry,  and  is  isostructural  with 

44  45  -  48 

BgHg‘P(CH3)3  ’  ,  and  probably  with  the  anion  also.  See  Figure  5. 

It  is  noted  that,  within  each  of  the  trios,  the  anion  is  most  fluxional,  and 

the  fluxionality  decreases  as  the  negative  charge  is  reduced  by  replacing  H’ 

with  trimethylphosphine.  Rapid  and  extensive  migration  of  hydrogen  atoms  is 

observed  only  in  the  B3Hg*2P(CH3)3^  cation  at  room  temperature;  the 

B^H^*2P(CH3) 3^  and  BgHg*2P(CH3) 3^  cations  are  non-f luxional . 

The  reaction  of  BH3'P(CH3)3  with  trityl  tetraf luoroborate  in 

dichloromethane  was  of  interest  because  it  gave  a  product  which  was  * 

tentatively  assigned  as  the  BF^  salt  of  B2Hg*2P(CH3) 3^.  The  compound 

decomposed  above  -40‘’C,  and  8F3*P(CH3)3  and  BH3»P(CH3)3  were  produced. 

Although  the  full  charactei^ization  of  the  cationic  species  is  not  complete 

yet,  the  NMR  spectrum  of  freshly  prepared  solutions  containing  the  product 

clearly  showed  the  presence  of  the  bridge  hydrogen  atom  (at  -1.88  ppm)  as 

well  as  the  terminal  hydrogen  atoms  (at  3.27  ppm).  In  1970,  Benjamin  and 
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coworkers  treated  Lewis  base  adducts  of  borane(3),  BH^'L,  with  trityl 
cation  in  the  presence  of  other  Lewis  bases  (L')  to  prepare  monoboron  complex 
cations  with  the  formula  BH^'LL’^.  In  our  reaction,  excess  BH^'PCCH^)^  is 
thought  to  be  acting  as  the  second  Lewis  base,  the  terminal  hydrogen  being 
the  base  site.  The  terminal  hydrogen  coordinate  to  the  cationic  center 
forming  a  BHB  three-center  bond: 

BH3*P(CH3)3  +  - >  •‘BH2*P(CH3) 3'""  +  HC(CgHg)3  (35) 

"BH2*P(CH3)3‘*'"  +  BH3«P(CH3)3  - ^  (CH3) 3P*H2B-H-BH2*P(CH3)  3""  (36) 

The  above  diboron  complex  cation  is  isoelectronic  and  isostructural  with  the 

50 

B^H^  anion  which  has  been  established  .  See  Figure  5. 

6.  SUMMARY  AND  PERSPECTIVES 

Contrary  to  the  common  impression  of  the  early  days,  reactions  of 
certain  boranes  with  excess  trimethylphosphine  proceeded  in  simple  and 
definable  manners.  By  virtue  of  its  strong  donor  character, 
trimethylphosphine  was  able  to  completely  remove  the  "electron  deficiency" 
from  the  boranes  that  were  studied.  The  properties  of  some  stable 
trimethylphosphine  adducts  were  exploited  to  establish  new  reactions  and 
compounds. 

The  working  model  used  in  pursuing  the  above  study  was  the  following: 

(1)  Trimethylphosphine,  upon  combining  with  borane  fragments,  would  form  B-P 
bonds  strong  enough  to  prevent  the  dissociation  of  the  adducts.  This 
dissociation  often  induced  secondary  reactions  that  were  detrimental  to  the 
positive  identification  of  reactions  and  products.  (2)  In  an  adduct. 
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trimelthylphosphine  would  donate  sufficient  electron  density  to  the  borane 
moiety  to  enhance  the  hydridic  character  of  borane  hydrogen  atoms  and  to  make 
the  adduct  susceptible  to  electrophilic  species.  The  new  cleavage  reactions 
with  trimethylphosphine  and  the  new  trimethylphosphine  adducts  of  boranes 
stemmed  from  the  first  part  of  the  model.  The  second  part  of  the  model  led 
to  the  coordination  of  a  neutral  borane  adduct  through  the  formation  of  B-H-M 
bonds,  the  facile  abstraction  of  H"  from  the  adducts  to  form  the  polyboron 
complex  cations,  and  the  borane  expansion  reactions  involving  B2H^*2P(CH2) 2. 
Thus,  the  use  of  trimethylphosphine  was  a  success  in  unveiling  several  facets 
of  the  reaction  chemistry  of  smaller  boranes. 

Obviously,  many  details  of  the  results  need  to  be  investigated,  and 

each  of  the  newly  discovered  facets  has  to  be  projected  further  along  the 

line  of  its  development  to  enrich  that  area  of  chemistry  and  to  delineate  the 

extent  of  the  validity  of  the  working  model.  While  these  aspects  warrant 

further  investigation  and  are  being  explored,  studies  of  reactions  which 

involve  other  Lewis  bases  have  become  more  interesting  and  promising  than 

they  were  before.  Recently  in  this  laboratory,  R.E.DePoy  isolated  the 

bis(trimethylamine)  adduct  of  diborane(4),  B^H^'2N(CH^)^,  as  a  stable 
51 

solid.  This  compound  reacted  with  electrophilic  reagents  in  much  the  same 
way  as  B2H^'2P(CH2)2  did:  It  formed  a  complex  with  zinc  chloride,  and 
reacted  with  diborane(6)  and  tetraborane( 10)  to  give  B2Hg*2N(CH^) and 
B2Hg‘2N(CH2)2^B2Hg  ,  respectively.  This  cation  in  the  B^Hg'  salt,  however, 
reacted  with  strong  bases  differently  than  the  BgHg*?P(CHg)g'^  cation  did.^^ 
(Compare  the  following  reactions  with  equation  17). 

B3Hg«2N(rH3)3^  +  2N(CH3)3  - >  B^H3«3N(CH3) 3^  +  BH3-N(CH3)3  (37) 
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B3Hg*2N(CH3)3^  +  2P(CH3)3  - ►  B^H3-2N(CH3)3*P(CH3) 3^  +  BH3-P(CH3)3  (38) 

The  diboron  complex  cations  produced  in  these  reactions  are  members  of  yet 
another  new  family  of  cations  B^H^^^*3L  (L  =  Lewis  base).  These  new 
findings  represent  examples  of  areas  of  future  development.  The  nature  of 
the  base  involved  in  a  borane  adduct  sudtlely  influences  the  reactivity  of 
the  adduct.  The  knowledge  gained  from  the  trimethylphosphine  systems  will 
provide  valuable  insights  into  new  findings,  and  will  serve  as  a  useful  guide 
for  furthering  the  investigations. 

Finally,  the  work  described  in  this  chapter  represents  an  extension  of 
Professor  Burg's  earlier  studies  on  the  reactions  of  boranes  with  Lewis 
bases.  Experiments  carefully  executed  by  skilled  hands  and  precise 
descriptions  of  the  results  have  always  been  a  characteristic  of  his  work. 

Because  of  this,  his  work  has  been  a  source  of  valuable  knowledge  to  the 
succeeding  generation.  Thus,  we  who  participated  in  this  study  have 
benefited  greatly  from  his  work,  and  are  very  fortunate  to  have  had  such  a 
dedicated  person  as  a  pioneer  in  this  area  of  chemistry.  It  is  indeed  my 
pleasure  to  present  this  chapter  as  a  token  of  appreciation  to  Professor  Burg 
for  his  accomplishments  in  the  field  of  boron  hydride  chemistry,  and  I  am 
grateful  to  the  members  of  the  editorial  committee  of  this  book  for  giving  me 
this  opportunity. 
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Figure  1.  NMR  spectra  of  B^Hg-2P(CH2)3,  32.1  riHz. 

Figure  2.  NMR  spectra  of  B^Hg-P(CH3)3-N(CH3)3,  32.1  MHz. 

The  arrow  indicates  the  presence  of  BH3-N(CHg)g  impurity. 

Figure  3.  Structure  of  B3Hg-2P(CH3)3^B3Hg’.  Orthorhombic,  A2122. 

Figure  4.  Molecular  structure  of  B2H^-2P(CH3)3‘ ZnClg. 

Figure  5.  Isoelectronic  and  isostructural  feature  of  arachno  trios. 
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Figure  4. 
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ABSTRACT.  In  the  past  several  years,  a  new  class  ol  boron  hydride  compounds,  poiyboron 
complex  cations,  was  developed  m  the  department  o(  chemistry  at  the  University  of  Utah. 
These  cations  include  B„H  B^H^  L-*-.  B„H^,-3L-^  and  B„H„^,  4L-^.  Formation, 

structures  and  reactivities  of  the  cations  areViefty  reviewed. 


1.  INTRODUCTION 

Several  years  ago,  we  decided  to  look  into  the  reaction  chemistry  of  the  trimethylphosphine  adduct  of 
diborane(4),  B2H4-2P(CH3)3.  Unlike  most  borane  compounds,  the  adduct  is  an  electron  precise 
compound,  and  additionally,  two  trimethylphosphine  molecules  are  attached  to  it.  Because  ol  its  lack  of 
"electron  deficiency'  and  the  coordination  of  the  strongly  electron  donating  trimethylphosphine  ligand, 
the  B2H4  moiety  was  expected  to  show  enhanced  reactivities  toward  electrophilic  reagents.  The  study 
was  rewarding  in  that  it  yielded  the  following  three  major  findings;  [1]  A  friboron  complex  cation,  B3H5 
2P(CH3)3'*,  was  fonned  by  treating  the  diborane{4)  adduct  with  diborane('5)  or  tetraborane(lO);’)  [2]  metal 
complexes  of  the  diborane(4)  adduct  were  formed  by  the  coordination  of  the  diborane(4)  adduct  to  metal 
centers  via  two  B-H->M  bridge  bonds;^^  (31  borane  ckrster  expansion  was  observed  when  certain  borane 
substrates  were  treated  with  the  diborane(4)  adr^ct.^^  Each  of  these  findings  was  significant  enough  to 
be  developed  into  a  new  area  of  boron  hydride  chemistry. 

The  B3H5  2P(CH3)3'^  cation  was  the  first  example  of  a  polyboron  complex  cation.  Although  mono- 
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boron  complex  Cboronium")  cations  with  the  general  formula  H2B  L  L"*"  (L  and  L‘-Lewis  bases)  have 
been  studied  extensively,^^  other  cationic  lower  borane  species  were  virtually  nonexistent.  The  sole 
representative  case  was  the  fomiation  of  reported  by  Shore.^)  While  reaction  chemistry  of  the 

bis(trimethylphosphine)triboron(l-f)  cation  was  investigated  and  syntheses  of  other  bis(thmethyl- 
phosphine)polyboron(l-f)  cations  were  being  explored,  new  diborane(4)  adducts,  B2H4’2N(CH3)3  and 
B2H4  N(CH3)3’P(CH3)3,^)  were  synthesized.  These  adducts  were  found  to  produce  two  new  triboron 
complex  cations,  B3H5  2N(CH3)3*  and  BgHg  N{CH3)3  P(CH3)3'^  ^  when  treated  with  B2Hg  or  B^H^q. 

The  formation  of  these  cations  which  contain  trimethylamine  provided  a  valuable  opportunity  for 
investigating  the  effects  of  the  coordinated  ligand  on  the  chemical  behavior  of  tnboron  cations.  In  this 
paper  we  wish  to  present  an  'interim'  review  of  the  development  of  polyboron  complex  cation  chemistry 
that  followed  the  discovery  of  the  BgHg  2P(CH3)3'^  cation. 

2.  FORMATION  OF  POLVBORON  COMPLEX  CATIONS 


2.1  AddKion  of  6X2'*'  to  BjHg  Adducts  —  Formation  of  Triboron  Complex  Cations 

The  reaction  of  B2H4  2P(CH3)3,  B2H4  N(CH3)3  P(CH3)3  or  B2H4  2N(CH3)3  with  diborane(6)  or  tetra- 
borane(lO)  proceeds  in  the  manners  indicated  in  Equations  1  and  2.®'^  The  B2H7''  salts  are  unstable  at 
room  temperature  and  decompose  to  give  the  triborane(7)  adducts.  (See  Section  4.)  The  B3Hg~  salts  are 
reasonably  stable  at  room  temperature. 

B2H42P(a^)  +3/2B2He  B3Hg2P(CH3)3*B2H7-  (1) 

B2H4  P(CH3)3  NfCHg)  +  B4  B3HS  P(CH3)3  N(CH3)*  B3H8-  (2) 

These  reactions  may  be  regarded  as  an  'unsymmetrical  cleavage*  of  diborane(6)  or  tetraborane(iO)  by  a 
special  bidentate  ligand,  B2H4  2P(CH3).  Indeed,  the  feature  of  chelate  coordination  of  B2H4  2P(CH3)3  to 
the  unit  through  two  B-H->B  bridge  bonds  is  seen  in  the  structure  of  the  cation  (Figure  1).  The 
situation  is  similar  to  the  coordination  of  diamines  to  BHj'*'.®*  See  Equations  3  and  4. 


(3) 


(4) 
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Likewise.  B2H4-  2P{CH3)3  reacts  with  boron  trifkioride  to  give  an  unstable  fkioro  derivative  of  the  triboron 
complex  cation.’'^) 

B2H4  2P(CH3)3  +  2BF3  B3H4F2  2P(CH3)3+  BF^"  (5) 

In  this  cation  also,  the  BF2‘^  unit  is  thought  to  be  coordinated  by  B2H^-2P(CH3)  through  two 
bridge  bonds. 

The  methyl  derivative  of  the  diborane(4)  adduct,  CH3B2H3  2P(CH3)3,  reacts  with  B4H,q  to  give  the 
methyl  derivatives  of  the  triboron  complex  cation.^'®)  The  1,2-bis(trimethylphosphine)- 
1-methylpentahydrotriboron(1+)  cation  which  is  formed  initially  at  low  temperature  undergoes  rearrange¬ 
ment  above  -40  “C  to  give  1,2-bis(trimefhylphosphine)-3-methylpentahydrotriboron(1+),  as  illustrated  in 


2.2  Hydride  Abstraction  from  Neutral  Trimethylphosphine  Adducts  of  Boranes 

Treatments  of  bis(trimethylphosphine)  adducts  of  boranes  with  triphenylcarbenium  (trityl)  tetrafluoro- 
borate  result  in  the  formation  of  corresponding  polyboron  complex  cations.  The  following  reactions  have 
been  established: 

B4Hg-2P(CH3)3  +  C(CgH5)3+BF4-  B4H7  2P(CH3)3+BF4-  +  HC{C6H5)3’°)  (8) 

BgHg  2P(CH3)3  +  C(C6H5)3^BF4-  BgHg  2P{CH3)3+BF4-  +  HCtCgHglg")  (9) 

BgH,o  2P(CH3)3  +  C(CgH5)3^BF4-  BgHg  2P(CH3)3*BF4-  +  HClCgHglg.^Z)  (1  Q) 

The  salts  of  these  polyboron  complex  cations  decompose  slowly  at  room  temperature,  but  are  stable 
enough  for  structural  characterization  by  NMR  spectroscopy.  The  structures  proposed  for  these  cations 
are  shown  in  Figure  2  and  will  be  discussed  in  Section  3.  Likewise,  the  uni(trimethylphosphine)  adduct  of 
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pentaborane(9)  reacts  with  trityl  cation,  and  the  corresponding  cation  containing  one  phosphine  ligand  is 
produced  (Equation  11).  This  reaction  proceeds  less  readily  than  the  reaction  of  BgHg  2P(CH3)3 
B5Hg  P(CH3)3+  C{C6H5)3-^aF4-  ->  B5H8P(CH3)3+BF4-  +  HC(C6H5)3”)  (11) 

(Equation  9),  reflecting  the  less  hydridic  character  of  the  borane  hydrogens  in  the  uni(phosphine)  adduct 
relative  to  that  of  the  bis(phosphine)  adduct.  Although  the  reactions  of  the  trimethylphosphine  adducts 
occur  considerably  below  0  °C,  B5Hg  will  not  react  with  the  trityl  cation  even  at  room  temperature.^ '  * 

Trityl  hexafluorophosphate,  C(CgH5)3'*‘PFg“,  also  abstracts  hydride  ions  from  the  phosphine  adducts 
of  boranes  which  are  listed  above.  However,  the  PFg~  ion  reacts  with  these  borane  substrates  and,  in 
particular,  with  the  cationic  products  to  produce  BF3  P(CH3)3  and  BF^'.  Therefore,  the  use  of  C(CgH5)3‘^ 

PFg~  is  not  recommended  for  the  preparation  of  the  polyboron  complex  cations.^ 

Tetrahydrofuran-triborane(7)  can  also  abstract  a  hydride  ion  from  B^Hg  2P(CH3)3  to  give  the  B,jH7 
2P(CH3)3'''  cation  at  -10  “C.  At  higher  temperatures  the  cation  is  converted  into  B^Hg  P(CH3)3  by  a  ligand 
exchange  reaction  as  shown  in  Equation  13.”^ 

B^Hg  2P(CH3)3  +  THF  B3H7  B4H7-2P(Ol3)3'*-  +  BgHg"  (12) 

B4H7-2P(CH3)3+  +  8383-  ->  B4H8  P(CH3)3  +  B3H7  P(CH3)3  (13) 

2.3  Hydride  Abstraction  Followed  by  Secondary  Reactions 

Certain  polyboron  complex  cations  are  formed  as  the  result  of  secondary  reactions  that  follow  after  the 
initial  hydride  removal  from  the  neutral  borane  adducts.  Examples  are  given  m  the  following  equations; 

2B2H4  2P(CH3)3  +  C(CgH5)3+  -4  B3H4-3P(CH3)3++ BH3  P(CH3)3+ HC(CgH5)3^3)  (14) 

2B4Hg  P(CH3)3  C(CgHg)3*  -»  85Hg  P(CH3)3+ +  B3H7  P(CH3)3  +  (15) 

2BH3  P(CH3)3  +  C(CgH5)3-^  ^  B2H5'2P(CH3)3-^  +  HC(CgH5)3^3) 

In  the  reaction  shown  in  Equation  14,  the  diborane(4)  adduct  is  thought  to  be  converted  into  a  reactive 
intermediate  cationic  species  ’  B2H3'2P(CH3)3'^  "  (Equation  17),  which  then  undergoes  a  cluster  expan- 


son  reaction  with  B2H4  2P(CH3)3  (EquationIS), 

B2H4  2P(CH3)3  +  C(CgH5)3-^  -4  "  B2H3  2P(CH3)3+ ’  +  HqCgHgIg  (17) 

"B2H3-2P(CH3)3+*  +  B2H4  2P(CH3)3  -4  B3H4  3P(CH3)3+ +  BH3  PtCHgtg  (18) 

Similarly,  the  formation  of  BgHg  P(CH3)3''’  in  Equation  15  is  thought  to  have  proceeded  through  the  for¬ 
mation  of  a  reactive  intermediate "  B4H7  P(CH3)3* '  (Equation  19) 

B4Hg  P(CH3)3  4qCgH5)3+  -4“B4H7  P(CH3)3+-  +  HC{CgH5)2  (19) 

"  B4H7  P(CH3)3*  ■  B4Hg  P(CH3)3  ^  BgHg  P(CH3)3-*-  +  B3H7  P(CH3)3  (20) 


It  is  worth  noting  that,  in  Equation  20,  B4Hg  P(CH3)3  is  acting  as  a  borane  cluster  expansion  reagent  by 
converting  itself  into  B3H7  P(CH3)3  and  thus  providing  a  *BH”  unit  to  the  substrate,  B4Hg  PiCHgjg,  for 
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framework  expansion.  This  is  similar  to  the  behavior  of  B2H^  2P(CH3)3  which  adds  a  "BH  P(CH3)3"  unit  to 
borane  substrates  by  converting  itself  into  BH3  P{CH3)3.  [See,  for  example,  Equation  18.]  This  mode  of 
cluster  expansion,  which  is  accompanied  by  the  elimination  of  a  stable  Lewis  base  adduct,  deserves 
further  investigation,  as  it  appears  to  be  one  of  the  fundamental  reactions  of  boron  hydride  chemistry. 

The  reaction  in  Equation  16  is  also  thought  to  involve  a  reactive  intermediate  ■BH2  P(CH3)3‘^',  and  is 
thus  an  extension  of  the  reactions  reported  by  Benjamin,  Calvalho,  Stafiej  and  Takacs  for  the  preparation 
of  boronium  cations,  BH2  L  L"'':^^* 

BH3  L  +  C{CgH5)3"-  ->  +  HqC5l-y3  (21) 

■BH2  L'*'  +  L  BHg  L 1"+.  (22) 

Thus,  the  overall  reaction  is 

BH3  L  +  L-  +  BH2  L  L'*+  (23) 

In  the  reaction  of  BH3 with  the  trityl  cation  in  the  presence  of  excess  BH3  P(CH3)3,  the  second 
molecule  of  BH3  P(CH3)3  plays  the  role  of  L‘  by  coordinating  to  ‘BH2  P(CH3)3  +”  through  the  formation  of 
a  B-H-4B  bridge  bond. 

(CHjj^P  H^BH  +  ■BH2  P(CH3)3 ->  (CH3)3P  H2BH->BP^  P(Ol3)3+  (24) 

The  characterization  of  this  very  unstable  diboron  complex  cation,  B2H5  2P(CH3)3''’,  has  yet  to  be  com¬ 
pleted.  However,  ”b,  and  NMR  spectra  of  the  reaction  mixtures  suggest  that  the  product  of 
reaction  is  the  diboron  cation,  (CH3)3P  H2B-H-BH2  P(CH3)3'*',  with  a  stmcture  analogous  to  that  of  the 
isoelectronic  species,  B2H7". 

2.4  Cleavage  of  Polyboron  Complex  Cations  with  Lewis  Bases 

Like  neutral  and  anionic  boron  hydride  compounds,  the  polyboron  complex  cations,  if  electron 
deficient,  urxJergo  cleavage  or  addition  reactions  with  Lewis  bases.  Thus,  the  tetraboron  cation  B^H^- 
2P(CH3)3‘*’  is  cleaved  (a  'symmetricaT  cleavage)  by  trimethylphosphine  according  to  the  following  equa- 

t,on;i3) 

B4H7  2P(CH3)3+  +  a  P(CH3)3  ->  B3H4-^P(CH3)3+  +  8H3  P(CH3)3  (25) 

Similarly,  when  the  B3Hg~  salts  of  the  amine-containing  cations,  BjHg  2N(CH3)3'^  and  B2Hg  N(CHj)j 
PiCHgig"*",  are  treated  with  N(CH3)3  or  P(CH3)3,  the  cations  are  cleaved  and  the  diboron  complex  cations 
are  formed  with  the  general  formula  B2H3  (3-x)  N(CH3)3  xP(CH3)3*,^'^) 

e  g.  BaHg  2N(CH3)3*B3Hg-  +  2  N(CH3)3  -4  B2H3  a^CHgjg+BgHg'  +  BH3  N(CH3)3  (26) 

BjH^  N(CH^}j  P(CHj)j*BjHg-  +  2P(CH3)3  -> 

B2h^N(Oy32P(0^3^-  +  Bf^P(CH3)3  (27) 
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In  contrast,  the  treatment  of  BjHg  2P(CH3)3-*'83H8“  wrth  P(CH3)3  or  N(CH3)3,  does  not  give  the  expected 
diboron  cation  B2H3-3P(CH3)3-^  or  B2H3  aPfCHalg  N(CH3)3+.''5)  See  Section  4. 

2.5  Lewis  Bass  Addition  to  Polyboron  Complex  Cations 

Although  this  is  another  general  type  of  reaction,  so  far  only  one  example  can  be  cited. 

B3H4'3P(CH3)3+  +  P(CH3)3  BaH^APtCHglg-*-  (28) 

The  product  cation  is  an  electron  precise,  hypho  class  species  and  is  stable  toward  trimelhyiphosphine.^^' 

3.  STRUCTURES  OF  POLYBORON  COMPLEX  CATIONS 

3-1  BnHn>3-2P(CH3)3* 

An  x-ray  diffraction  analysis  has  been  performed  on  a  single  crystal  of  B3Hg-2P(CH3)3"*33Hg~  at  -90 
Thestnjcture  is  shown  in  Figure  1.  The  geometries  of  the  two  isoelectronic  triboron  spedes. 


Bond  lengths  (A)  for  B3Hg  2P(CH3)3‘''  and  B3Hg~. 


B(1)-B(2)  1.805(6) 

B(2)-B(2')  1.805(6) 

B(l)-H(1)  1.10(4) 

B(1)-H(3)  1.40(3) 

B(2)-H(3)  1.13(3) 

B(2)-H(2)  1.13(3) 

B(2)-P  1.906(4) 


B(3)-B(4) 

B(4)-B(4’) 

B(3)-H(4) 

B(3)-H(5A) 

B(4)-H(5A) 

B(4)-H(6) 

B(4)-H(7) 

B(4)-H(5B) 


Figure  1 .  Structure  of  B3Hg  2P(CH3)3'^B3H8  . 


1.769(7) 

1.773(9) 

1 .04(4) 

1.35(9) 

1.35(11) 

1.18(5) 

1.00(4) 

1.40(8) 
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similar  to  each  other.  Slightly  longer  B-B  distances  lor  the  cation  are 
noted.  The  cation  is  fluxional  with  respect  to  the  migration  of  all  borane  hydrogen  atoms  around  the  three- 
boron  framework;  The  room  temperature  NMR  spectrum  shows  only  one  signal  for  the  txcrane 
hydrogen  atoms.  At  -80  however,  the  signal  is  split  into  three  signais  of  equal  intensity,  which  is 
expected  for  the  static  stmcture  shown  in  the  figure.^)  The  cation  is  less  fluxional  than  B3H7 
which  is  less  fluxional  than  the  B3Hg"  anion;  the  ’h  NMR  signals  for  the  static  stojcture  of  B3H7 
can  only  be  observed  when  the  sample  is  cooled  to  -95  and  at  this  'emperature  the  ’h  spectojm  of 
the  BgHg"  anion  indicates  that  the  hydrogen  atoms  are  rapidly  migrating. 

The  stnjctures  proposed  for  the  aPlCHglg'*’  homologs  are  summarized  in  Figure  2.  Shown 

also  in  the  figure  are  the  reported  stnjctures  of  related  isoelectonic,  neutral  and  anionic  species.^ 

Clearly,  each  of  the  cations  is  isostructural  with  its  isoelectronic  counterparts.  In  the  NMR  spectra  of  the 
tetra-,  penta-  and  hexaboron  cations,  no  indication  of  rapid  fluxional  behavior  is  observed  up  to  room 
temperature,  whereas  every  one  of  the  corresponding  isoelectronic  species  is  known  to  exhibit  fluxional 
behavior. 


CATIONIC  MOLECULAR  ANIONIC 


Figure  2.  Stnjctures  of  the  8nH„^3  2P(CH3)3'*'  cations  and  related  isoelect.onic. 
neutral  and  anionic  spedes.  The  shaded  ancles  represent  P(CH3)3. 
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3-2  B„H„^3P(CH3)3* 

The  ’’b  NMR  spectra  of  BgHg  P(CH3)3'*’  (Figure  3).  and  the  ^H{’’B}  spectrum  of  the  cation,  which 
contains  two  borane  hydrogen  signals  (terminal  and  bridging)  in  a  1 :1  intensify  ratio,  immediately  suggest 
that  the  structure  of  the  cation  is  as  iilustrated  in  Figure  3.^^^  Thus,  it  is  isostructural  with  pentaborane(9) 
which  is  isoelectronic  with  the  cation.  The  B-P  coupiing  constants  of  the  apex  boron  atom  in  the  square 
pyramid  structures  are  unusually  large.  The  values  of  220  and  212  Hz  are  observed  for  BgHg-  P(CH3)3‘^  ^ '  > 
and  BgHg  2P(CH3)3+,''2)  respectively. 


iTfi  I  rrjTi  n  1 1 1  iijri  i  iti  1 1 1 1 1 1 1 1 1 1 1 1  iji  1 1 1 1 1 1 1 1  [  1 1 1 1 1 1 1 1 
-to  -20  -30  -iO  -50  PPM 


Figure  3.  '^B  NMR  spectra  and  proposed  structure  of  BgHg  PlCHgjg'*'. 

Upper  spectrum,  ^H-spin  coupled;  lower  spectrum,  ^H-spin  decoupled. 


3-3 

Four  of  the  six  possible  B2H3  (3-x)N(CH3)3  xP(CH3)3+  cations  where  x=0,1  and  2  have  been  pre¬ 
pared  and  the  structures  studied  by  NMR  spectroscopy.®- See  Figure  4.  These  cations  are  electron 
precise,  and  are  isoelectnanic  with  2P(CH2)2  and  B2H^-2N(CH2)j. 

The  B3H4-3P(CH3)3'^  cation  has  the  structure  shown  in  Figure  5,  which  is  consistent  with  its  low 
temperature  (-100  “C)  ’^B,  ’h  and  ^'P  NMR  spectra.’®)  At  room  temperature,  however,  the  cation  is 
fluxional  with  respect  to  the  rapid  migration  of  all  four  borane  hydrogen  atoms  around  the  borane  frame¬ 
work;  The  signals  of  borane  h>drogen  atoms  are  coalesced  to  a  single  signal,  as  are  the  ”b  and  ®’P 
signals.  To  illustrate  the  fluxional  behavior  of  this  cation,  a  process  involving  an  intermediate,  which 
contains  a  coordinated  double  bond,  is  proposed.  See  Scheme  1.  Such  a  coordinated  double  bond 
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N(CH3)3  N(CH3)3  > 

H  -  B -  B  -  H 

I  I 

N(CH3)3  H 


1 , 1 ,2-T  ris{irimethy\amine)- 
trihydrodiboron(1+)  cation 


N(CH3)3  N{CH3)3 


H-  B 


B  -  H 


PlCHgla  H 


1 ,2-bis(trimethylamine)-1  - 
trimethylphosphinetrihydro- 
dibororv(1  +)  cation 
(two  optical  isomers  possible) 


N(CH3)3  P(CH3)3  + 

H  —  B -  B  -  H 

I  I 

N(CH3)3  H 


1 ,1  -bis(trimethylamine)-2- 
thmethylphosphinethhydro- 
diboron(l-t-)  cation 


P(CH-),  P(CH,),  + 

I  3  3.  3  3  1 -tiimethylamine-1 ,2- 

_  B _ B  —  H  bis(trimelhylphosphineh 

I  I  trihydrodiboron(1+)  cation 

H  (two  optical  isomers  possible) 

Figure  4.  Diboron  complex  cations,  82H3  (3-x)N(CH3)3  xP(CH3)3‘'',  where  x»0,  land  2. 


H  P(CH  ) 

\/ 

B 


(CHjIjP' 


■B  B 


H  P(CH,),  » 

\/ 

B 


PlCKj),  P(CHj)3 


Figures.  StnxJure  proposed 
tofB3H4  3P!C>V3* 


Figure  6.  Structure  proposed 
for  B3H4  48(0^3+ 
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The  NMR  data  (^’b.  ’h  and  for  the  83H4-4P(CH3)3'^  cation^  are  consistent  with  the  structure 
shown  in  Figure  6.  which  can  be  derived  from  the  structure  of  B3H4'3P(CH3)3'*'  (Figure  5)  by  adding 
P(CH3)3  to  one  of  the  hydrogen  bridged  boron  atoms,  thus  cleaving  the  bridge  bond.  The  cation  is  iso- 
electronic  with  B3H5  3P(CH3)3.^J 

3.5  leoelectronlc^sostructural  Feature 

Each  of  the  polyboron  complex  cations  has  been  found  to  be  isostoictural  with  the  isoelectronic 
neutral  and  anionic  species  (when  those  species  are  known).  As  iHustrated  in  (i)  and  (ii)  of  Scheme  2,  the 
structures  of  the  tetra-  and  pentaboron  cations  are  closely  related  to  those  of  the  respective  parent 
compounds  from  which  the  cations  are  prepared.  For  example,  the  arachno  B4H7’2P(CH3)3'*‘  cation  is 
obtained  by  abstracting  a  Lewis  base,  H“,  from  the  hypho  B4Hg-2P(CH3)3  adduct.  Conversely,  the 
hypho  adduct  can  be  prepared  by  the  addttion  of  a  Lewis  base,  P(CH3)3  to  the  arachno  adduct,  84Hg 
PiCHgIg.  The  same  relation  also  holds  for  the  hexaboron  species.  However,  the  staictural  change  that 
occurs  at  each  step  of  the  hexaborane  transformation  is  seemingly  drastic.  It  had  been  known,  when  the 
synthesis  study  of  the  BgHg  2P(CH3)3'*’  cation  was  initiated,  that  two  different  boron  framework 
structures  could  be  assumed  by  arachno  hexaborane  compounds.  One  was  the  belt-shaped  staicture  of 
hexaborane(l2)^^'  which  was  essentially  the  same  as  that  of  the  hypho  adduct  B6H,o-2P(CH3)32'»)  as 
illustrated  in  Figure  7(a),  and  the  other  was  the  basal-bridged  square  pyramid  stmcture  which  is  assumed 

Tf’ei’etore,  it  was  of  interest  to  see  how  the  belt-shaped  staicture  of 
the  hypho  adduct  would  transform  upon  conversion  into  the  arachno  hexaboron  cation. 

The  mechanism  of  the  hexaborane  structural  transformation  is  unknown.  Formation  of  a  bond 
between  B(2)  and  B(5)  of  the  structure  in  Figure  7(a)  followed  by  a  succession  of  dsd  rearrangements^^* 
could  result  in  the  observed  structure  in  Figure  7(b).  As  the  skeletal  electron-counting  ojle^®*  dictates, 
both  of  the  two  known  structures  of  arachno  hexaborane  compounds  are  derived  from  the  eight- vertex 
closo  deltahedron  (bisdisphenokf)  by  the  removal  of  two  vertices. 

An  obvious  difference  between  the  two  sets  of  compounds  is  in  the  total  number  of  ligands  (including 
hydrogen  atoms  as  well  as  bases)  attached  to  the  boron  framework;  eleven  versus  twelve.  The  less 
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opened  structure  is  assumed  by  the  eleven-ligand  compound.  Further  studies  are  necessary,  however, 
to  elucidate  the  factors  that  determine  the  choice  of  structure. 

Scheme  2  _  ^  .  .  „,chn« 


Figure  7.  Boron  framework  structures  for  (a)  BgH,Q  2P{CH3)3  and  (b)  BgHg  2P(CH3)3*- 

4.  REACTIVfTIES  OF  POLYBORON  COMPLEX  CATfONS 

4.1  Generaf  Pattern  of  Reactions  with  Lewis  Bases 

The  polyboron  complex  cations,  when  not  electron  precise,  are  reactive  toward  Lewis  bases.  At  this 
stage  of  research,  it  can  only  be  stated  that  trimethylphosphine  either  aods  to  the  cation  to  form  the  next 
higher  class  cation  (e.g.  arachno  — »  hypho),  or  it  cleaves  the  cation  into  BH3  P(CH3)3  and  a  polyboron 
cation  of  the  same  class.  Thus,  the  arachno  B4H7-2P(CH3)3'*'  cation  (as  BF^'  salt)  reacts  with  trimethyl- 
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phosphine,  and  is  cleaved  into  BH3  P(CH3)3  and  arachno  B3H4-3P(CH3)3'*’;''3)  the  arachno  B3H4' 

SPiCHgjg'*’  cation  further  reacts  with  trimethylphosphine  and  the  hypho  B3H4'4P(CH3)3‘*'  cation  is 
formed. ■'3)  Likewise,  arachno  B3Hg-2N(CH3)3+  reacts  with  P{CH3)3  to  produce  BH3  P(CH3)3  and  arachno 
B2H3-2N(CH3)3-  P(CH3)3‘*’.^  The  electron  precise  cation  B3H4-4P(CH3)3'*‘  is  inert  to  P(CH3)3.  Similarty, 

B2H3'3N(CH3)3*  is  inert  to  N(CH3)3,  but  this  cation  undergoes  a  ligand  displacement  reaction  with  P(CH3).; 
to  give  B2H3-2N(CH3)3  P(CH3)3*.^)  The  other  larger  cations  react  with  P(CH3)3  or  N(CH3)3,  forming 
addition  compounds  and  then  further  reacting  with  the  base  to  produce  the  BH3  adducts  of  the  base  and 
other  borane  compounds.  The  formation  of  the  BH3  adducts  suggests  that  the  original  cations  have 
undergone  cleavage  reactions  to  form  new  polyboron  cations.  Characterization  of  these  products  is  not 
complete  at  this  time. 


4.2  Reactions  of  B3Hj-2P(CH3)3*.  B3Hg  N(CH3)3  P(CH3)3*  and  B3H5-2N(CH3)3*  with 
P(CH3)3  or  N(CH3)3 

The  reactions  of  B3H5-2P(CH3)3''’  with  trimethylphosphine  or  trimethylamine  are  given  in  Equations 
29-32  below.^'’5)  Obviously,  these  reactions  are  dependent  upon  the  hydroborate  counter  anions. 


B3Hg-2P(CH3)3+B2H7- +  3  P(CH3)3  B2H4  2P(CH3)3  +  3  BH3  P(CH3)3  (29) 

B3Hg-2P{CH3)3+B2H7--t.3N(CH3)3  B2H4-2P(CH3)3  +  3  BH3  N(CH3)3  (30) 

B3Hg-2P(CH3)3+B3Hg-  +  2  P(CH3)3  B4H8-2P(CH3)3  +  2  BH3  P(CH3)3  (31 ) 

B3Hg-2P(CH3)3+83Hg-  +  2N(CH3)3  -» 

B4H8P(ay3N(a^3  +  BK3N(Ct^3  +  Bt^P(C>y3  (32) 


When  BgHg"  is  the  counter  anion,  the  product  is  a  tetraborane(8)  adduct.  On  the  other  hand,  as 
described  earlier  in  Equations  26  and  27.  B3Hg-2N(CH3)3+  and  B3Hg  N(CH3)3-  P(CH3)3+  react  with 
P(CH3)3  or  N(CH3)3  to  give  the  diboron  complex  cations,  B2H3-  2L  L’+  (L,  L-  PlCHgig  or  N(CH3)3)  and  the 
base  adduct  of  BHg.®'^)  The  anion  is  unaffected.  In  the  products  of  these  cleavage  reactions,  the 
attacking  Lewis  bases,  L^,  are  always  attached  to  the  BH3  fragment  and,  in  the  diboron  cation,  to  the 
boron  atoms  to  which  trimethylamine  is  already  attached. 


I  I 

L  NtCHg)  3 


®^3'-A" 


H  L.  + 

1  1^ 

—  B -  B  — 

I  I 

L  N(CH3)  3 


(33) 


On  the  basis  of  these  observations  the  following  statement  may  be  made.  The  key  to  the  cleavage  of 
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the  triboron  cation  is  provided  by  the  enhanced  eleclrophilicity  of  the  amine  attached  boron  atom.  Tri- 
methylphosphine  does  rx>t  induce  such  an  electrophilic  character  in  the  boron  atom  to  which  it  is  bonded, 
and  therefore  the  base  attack  on  that  boron  is  ineffective.  A  speculative  mechanism  for  the  formation  of 
tetraborane(8)  adducts  from  B3H5-2P(CH3)3'*'B3Hg"  was  reported  elsewhere. The  mechanism  in¬ 
cludes  the  formation  of  an  intermediate  involving  both  B3Hg  2P(CH3)3''’  and  B3Hg~,  which  undergoes  a 
rapid  reaction  with  the  attacking  base. 

4.3  Thermal  Decomposition  of  Salts  of  TrIboron  Complex  Cations 

The  B2H7“  salts  of  the  triboron  cations  decompose  at  room  temperature  according  to  the  following 
equations:^ 

B3Hg'2P{CH3)3+B2H7-  B3H7  P(CH3)3-t- BH3  P{CH3)3+ 1/2  BjHg  (34) 

BgHg  2N(CH3)3+B2H7-  -4  B3H7  N(CH3)3+ BH3  N(CH3)3  ♦  1/2  B2H5  (35) 

BgHg  N(CH3)3  P(CH3)3-»-B2H7-  -»  B3H7  P(CH3)3+  BH3  N{CH3)3  +  1/2  B2Hg  (36) 

Thus,  the  overall  reactions  of  the  diborane(4)  adducts  with  diborane(6)  at  room  temperature  is  the 
conversion  of  B2Hg  into  the  B3H7  adduct.  This  borane  framework  expansion  is  a  general  type  of  reaction. 

For  example,  by  reaction  with  B2H4  2P(CH3)3,  B3H7  THF  and  B^Hg  PHg  are  converted  into 
B4Hg  P(CH3)3’®^  and  BjHg  P(CH3)3,2^)  respectively.  Earlier  in  this  paper,  the  formation  of  products 
observed  in  some  reactions  was  explained  in  terms  of  this  type  of  reaction  (Equations  18  and  20). 

5.  SUMMARY 

Formation  of  a  polyboron  complex  cation  occurred  when  a  cationic  species  was  added  to  a  neutral 
borane  compourKi,  or  when  an  anionic  species  was  abstracted  from  a  neutral  borane  compound.  Enrich¬ 
ment  of  electron  density  on  the  borane  moiety  of  the  neutral  borane  compound  should  facilitate  both  the 
addition  of  cationic  species  and  the  abstraction  of  anionic  species.  Thus,  B2H4  2P(CH3)3  combined  with 
BHj'*'  to  give  the  B3Hg-2P(CH3)3'*’  cation,  and  the  P(CH3)3  adducts  of  fhe  B^Hg,  BgHg  and  BgH^g  frag¬ 
ments  were  converted  into  the  corresponding  polyboron  complex  cations  by  hydride  abstraction.  Sub¬ 
sequently,  the  BjH^  adducts  which  contain  the  N(CH3)3  ligand  were  also  found  to  combine  with  BHg'*'  to 
give  B3Hg  N(CH3)3  P(CH3)3'*’  and  BgHg  ^NfCHgjg'*’.  These  amine  containing  cations  displayed  reac¬ 
tivities  which  were  different  from  those  of  B3Hg-2P(CH3)3*.  Further  studies  of  polyboron  complex  cations 
involving  characteristically  different  Lewis  bases  should  enrich  the  reaction  chemistry  of  boron  hydiides. 

Thus  far,  the  isoelectronic-isostructural  feature  is  prevalent  among  the  polyboron  complex  cations. 

Also,  the  reaction  patterns  of  these  cationic  species  appear  to  parallel  ttose  established  for  the  neutral 

borane  compounds.  These  apparent  similarities  may  be  developed  into  a  working  model  which  should 
prove  beneficial  to  future  exploratory  work  in  this  new  area  of  boron  hydride  chemistry. 
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Formation  and  Reaction  Chemistry  of 
Trimethylamine-Trimethylphosphine-Diborane(4) 

Rosemarie  E  DePoy  and  Goji  Kodama' 

Keceired  September  IS.  /dcS’ 


W'e  reported  in  an  earlier  communication'  to  this  journal  that 
triniethylaniine-trimethylphosphine-diborane(4).  B-Hj-NtC- 
xvas  formed  by  a  ligand  displacement  reaction  of 
bis(trimethylamine)-diborane(4).  B_.H4-2NlCHi)i.  '‘iih  tri- 
methylphosphine  (see  eq  1)  The  product  was  the  first  repre- 

B,H4-2N(CH.I,  +  P(CH,),  - 

B:HyN(CH,)rP(CH,),  +  N(CMj),  (1) 

sentalive  of  a  previously  unknown  mixed-ligand  adduct  of  di- 
borane(4).  Displacement  of  the  second  trimethylamine  proceeded 
very  slowly.' 

The  mixed-ligand  adduct,  B.Hj-NtCHjii-PlCH));.  can  now 
be  prepared  in  pure  form  by  the  reaction  of  B,H''P(CHi)i  with 
trtmethylamine.  Furthermore,  this  finding  has  provided  a  new 
insight  into  the  reaction  mechanism  of  base  cleavage  of  tri- 
borane(7)  adducts.  In  this  paper,  we  describe  the  characteriration 
and  reaction  chemistry  of  the  mixed  adduct  of  diborane(4). 

Results 

A.  Cleavage  of  P(CH,V<  and  N(CH5) ,  .Adducts  of  B;H-,  (a) 
Reaction  of  B^H-PICHOi  with  N(CHiti.  Formation  of  B^Hr 

N'(CH))i'P(CHi)3.  The  reaction  of  BiHfPfCH,),  with  2  molar 
equiv  of  N(CH,)i  in  dichloromethane  at  room  temperature  pro¬ 
ceeds  according  to  eq  2.  The  mixed-ligand  adduct  of  B^Hj  can 

B,H-P(CH,U  +  2N(CH,)3  — 

B:H4-N(CH,),-P(CH,),  +  BH,-\(CH,),  (21 


be  separated  from  BH.-NtCHj)}  as  a  colorless  solid  by  fractional 
sublimation  at  room  temperature.  The  compound  is  stable  in  the 
absence  of  air.  It  slowly  decomposes  in  solution  at  room  tem¬ 
perature. 

NMR  Spectra  of  B,H4  N(CH,),  P(CH,),  The  "BI'HI  NMR 
spectrum  of  B2H4-N(CH  ,)cP(CH,)i  in  Figure  I  shows  a  broad 
signal  at  -2.7  ppm  due  to  the  amine-attached  boron  atom  (B.,) 
and  another  at  -36.4  ppm  due  to  the  phosphine-attached  boron 
atom  (Bp)  The  'H-spin-coupled  "B  signals  are  broader  but  do 
not  have  any  fine  structure.  These  shift  values  are  compared  with 


<CH3)3P 
H  H 
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Figure  1.  ‘'BI'HI  NMR  (Uh  2  MHr|  spectrum  of  B.lU-NtCHil.-PtC - 
II. I.  at  +20  “r  m  C  tl;CI; 


the  values  of  B;H4-2N(CH3)j  and  B;Fl4-2P(CH,),  in  Table  la 
The  ’'PI’FII  NMR  spectrum  of  the  compound  is  a  broad,  partial!' 
collapsed  1:1:1:1  quartet  centered  at  3.6  ppm  with  a  Jy,^  value 
of  ca.  50  Hz.  The  apparent  absence  of  a  doublet  feature  (B-P 
coupling)  on  the  Bp  resonance  signal  (Figure  1 )  is  attributable 


Table  I.  "B  NMR  Shilt  Data  (ppm) 


a  B-Hj-L-t. 


B-N 

B-P 

B,H4-2P(CH.),‘‘ 

B.HoNlCHdePICH.l, 

B;H4-2N|CH.)/ 

-2.7 

-.^.5 

*  r  < 

-36.4 

b  B.H 

6-L-L'" 

B-N 

B-P 

BH; 

B.H„-2PlCH,)U 

B.H*N(CH,),P(CH.),* 

B,H,-2N(CH,),*" 

-12.4 

-15.8 

-.59.0 

-4t..t 

-10  5 

-10.2 
-  d  ■ 

■'References  14  and  15  “Reference  I  RcTerencc  : 


to  this  small  value  and  to  the  bro.4dncss  of  the  signal.  The 
'■H|"B1  NMR  spectrum  shows  a  singlet  at  2.52  pp.n  (intcnsii'> 
9.  amine  CHj  protons),  a  quintetlike  signal  at  I  .^5  ppm  (intensity 
2.  protons  on  Bs,).  a  sharp  doublet  at  1.14  ppm  (-7  =  9.0  Hz. 
intensity  9.  phosphine  CH  i  protons),  and  a  doublet  of  triplets  at 
0.03  ppm  (VpiBP  =  2)  Hz.  'Jussn  -  Hz.  intensity  2.  photons 
on  Bp).  The  quintetlike  signal  of  the  protons  attached  to  Bs  i' 
thought  to  be  due  to  spin-spin  couplings  to  both  the  B,,  protons 
and  the  phosphorus.  On  the  basis  of  this  assumption.  '.  .tiue 
9.7  Hz  is  estimated  for  Vnasp- 

(b)  Reactions  of  B,H-N(rH.,)3  and  B,H-P(C  H,)  with  P(C 
H))i.  The  trimethylamine  adduct  of  BsH-  slowK  reacts  woh 
P(CHj)j  at  room  temperature  in  dichloromethane.  The  m.ijo- 
products  are  BH,-\'(CH!))  and  B;H4-2P(CH I .tnd  BH  .-Pi  (  ■ 
Hi),  and  B;H4-N(CHil,-P(CHi)-,  are  detected  in  minute  qi.,oi 
titles.  Thus,  the  appropriate  equation  for  the  reaction  i' 

B.H-N(CH,),  +  2P(CH,),  - 

B;H4-2PvCH-,),  +  BHcMCH-.)..  i  ■>  i 

The  reaclior  af  B,H-P(CH,).,  with  P(UH.),  proceeds  s,m,l.:!,v 

B,H-P(CH,),  +  2P(CH,),  — 

B.H4-2P(CH-,)-,  +  BlU-PiL  H  J.  ■' : 

B.  Reactions  of  B:H4  N(CH,)rP(rH.)  i.  (a)  With  Hydrogen 

Chloride.  The  mixed-base  adduct,  B;Hj-N(CHi);-P(CH,)i.  reacts 
with  anhydrous  HCl  at  -80  °C  in  a  CH-C  i;  solution  according 
to  eq  5.  Apparently,  an  alternative  mode  of  cleavage  is  unf.i 

B;H4-N(CH,)vP(CH,)i  +  HCl  * 

BH,-N(CHi).+  BH;(  l-PiCH  U 

vorable;  BH,-P(CHi),  and  BH;C1-\(CH  .)■,  are  produced  in  tr.ice 
quantities. 

(b)  With  Tetraborane(lO).  Treatment  of  B-Hj  NiCH;)  • 
P(CH,),  with  B4H;,,  results  in  the  formation  of  a  ecu  iribori'n 
complex  cation,  (trimethylaminelttrimethylphosphinc ihcx.i 
hydrotriboronf  1 +  )  [B,H^-N(CH,),-PfCH.,l/j  (scccq  61  LI’i' 
reaction  is  analogous  to  that  of  B-H4-2P(CH  1) ;  (cq  or  B 
H4-2N(CH.).  with  B4H1,,.'  ' 
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D,H4-NiCH,),-P(CH,),  +  B4H,o“* 

B,H,-N(CH,)rP(CH,)/B4H,  (6) 

ef .  e  g.  B:H4-2P(CH,),  +  B4H,,,  -  B3H,-2P(C,),-^B,H,- 

(■') 

NMR  Spectra  of  BjHt  N(CH,))  P(CH3)3^B,H8  .  Figure  2 
shows  a  "Bj'Hl  NMR  spectrum  of  the  salt,  B3H(,-N(CH3)3-P- 
(CH3)3*B3H8  .  The  signal  at  -30  ppm  is  readily  assignable  to 
the  BiHj  anion.'*  Showm  also  in  Figure  2  is  the  proposed  structure 
of  the  B,H(,-N(CH3),-P(CH3)3''’  ca'ion,  which  is  similar  to  those 
of  the  B3F4-2N(CHj),''''  and  BjHt-’PfCHjlj"- cations,  \ 
comparison  of  the  NMR  date  of  these  three  cations  permits  an 
unambiguous  assignment  of  the  spectrum  (see  Table  lb).  Thus, 
the  signals  at  -1 0.2,  - 1 2.4.  and  -41.3  ppm  (Jgp  -  1 16  FIz)  are 
assigned  to  the  B(3).  B(l),  and  B(2)atoms,  respectively,  of  the 
new  triboron  cation.  The  "P|'F11  NMR  spectrum  of  B-.H^-N- 
(CHi)3-P(CH,),'''B3F1j'  shows  a  well-defined  l:l:i:l  quartet 
centered  at  -3.3  ppm  with  a  "B-''P  spin-coupling  constant  of 
114  Fiz.  The  variable-temperature  'H|''B1  NMR  spectra  of 
B3Fl8-N'(CFl3)i-P(CFl3)3'*B3Fls  reveals  that  the  cation  is  fluxional 
with  respect  to  migration  of  the  borane  hydrogen  atoms  around 
the  three-boron  framework  of  the  cation.  .\t  -10  "C  the  borane 
proton  signal  appears  as  a  singlet  at  1.40  ppm.  .\l  -80  °C, 
however,  this  signal  disappears  and  a  singlet  signal  appears  at  2  1'’ 
ppm.  Other  signals  of  borane  protons,  which  at  expected  to 
appear  at  higher  field,  could  not  be  identified  unequivocally, 
probably  due  to  the  overlap  with  the  phosphine  methyl  proton 
.signal  at  1.34  ppm  I'-Jur  =  12  Hz)  and  the  B^Hs'  proton  signal 
at  0,02  ppm.  Shoulders  were  discernible  on  both  sides  of  the  0.02 
ppm  signal.  The  signal  of  the  amine  methyl  protons  appears  at 
2.66  ppm. 

(c)  With  Diborane(6).  .As  is  the  case  in  the  reactions  of  di- 
borane(6)  with  B;H4-2P(CH3)3  and  B;H4-2N(CHi)3.'  '  the 
treatment  of  with  BiH*  at  -65  °C  produces  a 

B;H-'  salt  of  the  BjH.oNfCHsli-PlCHifx'’'  cation; 

B3H4-N(CH3)3.P(CH,)3  +  ',/:B:H,  - 

B,H,-N(CH,),.P(CH,)3'^B;H-  (8) 

The  product  undergoes  a  slow  decomposition  at  -45  “C  according 
to  eq  9.  The  decomposition  is  fast  above  0  °C  and  is  quantitative. 

B,H8-N(CH3),-P(CH.)3"BjH,  -> 

B,H,-P(CH,),  +  BH,-N(CH3),  4-  ,B;H„  (9) 

An  alternative  mode  of  decomposition  that  would  produce  Bi- 
H-NtCHsli  and  BHePlCHi)3  does  not  occur. 

Discussion 

When  the  B-B  bond  of  B;H4-N(CHj)3-P(CH,),  is  cleaved  as 
a  result  of  the  reaction  with  an  electrophilic  reagent  (eq  5  or  eq 
8  and  9).  BH-,  N(CH,)i  is  produced,  and  the  stronger  base.  P- 
(CHj),,  is  attached  to  the  stronger  acids,  BH;C1  or  B,H,.  Other 
than  this  unique  feature  of  the  mixed-ligand  adduct,  the  reactions 
of  B;H4-N(CH3),-P(CH;),  with  electrophilic  reagents  parallel 
those  of  B;H4-2N(CH,),'  and  B:H4-2P(CH,),.-  Reaction  chem¬ 
istry  of  the  new  mixed-ligand  triboron  complex  cation,  B.H^-N- 
(CH3)3-P(CH3)i'’',  will  be  described  m  a  separate  paper  * 

Ritter  and  co-workers’  and  Parry  and  Paine*  proposed  a 
mechanism  for  the  triborane  cleavage  reactions.  The  most  im¬ 
portant  facet  of  this  mechanism  is  the  formation  of  an  interme¬ 
diate,  BjH-L„-l,a  where  l.„  and  L,  represent  ihe  Lewis  base  in 
the  reacting  BiH,  adduct  and  the  attacking  l  ewis  base,  rcspec 
tively  As  illus'rated  in  Scheme  I.  this  mechanism  adequately 
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Figure  2.  -BLllf  NVIR  (On  2  MH/i  spcvtruni  B  M  i  -1' 

iCH,),*B.tL  .1'  211  °C  in  C  1).C  1- 


Scheme  I 


explains  the  observed  formation  of  the  B.Hj  .tdducts  coniaining 
P(CH<)i  or  NfC  Hill.  Il  is  noted  th.ii,  whcnc.er  .111.1, 0  inioLvu 
in  the  reaction,  BHoStCll-,),  is  produced,  indic.ning  that  dim 
ination  of  BH,-N(tHi)i  from  the  intermediate  is  favored  over 
BHi-P(CHi)i  elimination 

In  the  early  days,  the  reaction  of  a  triborancl’i  .idduei  of  a 
strong  base  [e.g..  B.,H-N(C1L,),1  with  a  strong  baw  |e  g  .  \- 
(CHilil  was  thought  to  give  ,1  complex  mixture  of  bor.inc  com¬ 
pounds,  containing  polymeric  species. “  The  new  is  ibservcd 
formation  of  the  BTlj  adducts  of  situiigly  Imsk  Pit  ILl  ,ind 
N(L  Hill  corrects  tins  earlier  misconception. 

F.xpcrimcntal  Section 

(general  Piocedures.  ('onveniii'n.ii  v.iv  nii-lase  iecliniyio-s  .ia:i. 
throughout  transfer  ot  air-scnsitise  solids  w.l^  peruiriiica  in  .,  pi.o'  , 
glovcb.i,u  Idled  with  dry  nitrogen  .e.i-  The  -.uiec-  .:l  B  II.,  B.H 
PiC  M,),.  Ntf  M,),.  tind  die'hloroniL'ih.ipe  were  desenbed  p-eooioo 
Some  samples  vif  BjlL.,  were  prcp.ired  tr.Mn  i(  ILoN'Hdl.  'n,  t'a. 
treatment  'sith  BF,  ’  The  NN1R  speetr.i  were  obi, lined  ein  .1  X.om- 
\L-300  spectrometer,  the  observe  I'rcqucr’.ie-  being  up  y  m:  a  ,ind 
299.9  MHz  for  '  B.  '  P.  .ind  H.  respeeiiielv  t  hcmie.ii  siiille  irc  ee 
pressed  in  ppm  St.ind.irds  for  the  shifis  .ire  HI  -Oit  ,11.  |.  .ind  ,ss 


(9|  Fdwards.  I  .1 ;  Hough,  \X  \  Ford,  M  I)  /9,s  /m  (  ongr  Purr  .trri 
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HjP04  for  boron  and  phosphorus.  respectivcK.  Proton  shifts  are  given 
with  respect  to  the  resonance  signal  of  proton  impurit>  in  CDX'U.  which 
was  taken  as  5.28  ppm.  Shifts  to  lower  Helds  are  assigned  positive  values 
Generali),  reactions  were  run  in  10  mm  o.d.  Pvrex  tubes  or  in  10  mm 
o.d.  resealable  NMR  sample  lubes  (products  of.).  Young,  Ltd.)  and  were 
monitored  on  the  NMR  instrument  b>  observing  “B  spectra. 

Reaction  of  with  A  I.O-mmo!  sample  of 

N(CH,),  was  condensed  into  a  reaction  tube  containing  0.50  mmol  of 
B,H’*P(CH,)t  (prepared  from  BjH,()and  P(CH,)^'*)  and  approximate!) 

1  ml.  of  CH;CN.  The  reactants  were  mixed  well  at  -80  ®C  and  then 
allowed  to  warm  slow)).  When  the  temperature  reached  about  20  ®C  . 
the  reactants  had  been  completel)  converted  to  a  mixture  of  B^H^NtC- 
Hj),-P(CHi);  and  BHi-N(CH,),  (-8.3  ppm).'-  The  solvent  and  the  BHi 
adduct  were  pumped  out  at  -45  and  0  ®C'.  respective!),  and  the  remaining 
solid  residue  was  sublimed  under  high  vacuum  at  room  temperature  onto 
a  0  °C  cold  finger 

Samples  of  B;H4-\(CI-!i);-P(CH,li  for  reaction  studies  were  prepared 
by  allowing  the  initial  mixture  of  reactants  to  stand  at  rtxim  temperature 
for  15  min  and  then  b)  removing  the  solvent  and  the  BH:*N(C  H,)i  as 
described  ab^ne.  The  solid  residues  thus  obtained  were  sulTicicntK  pure 
for  general  use. 

Reaction  of  B,H  .\(rH,),  with  A  105  -mmol  sample  vf 

PiCHi);  was  condensed  (mtis  a  frozen  ('H’Ci-  solution  containing  0  4^ 
mmol  of  BiH'-N(Cflx);.  and  the  solution  was  mixed  thoroughh  at  80 
°C.  Trimcihvlamine -borane(3)  and  B.lljOPiC  H ^  ppm) 
siowl)  formed  in  the  reaction  mixture  at  r(X>m  temperature  The  reaction 
was  ncarl)  complete  after  3  h  at  this  temperature 

Reaction  of  B  H4  N(rH,)eP(rH,).  with  HCI.  \nh\drous  HCI  tO  2' 
mmol)  was  condensed  into  a  reaction  tube  containing  0  18  mmol  of 
B.Hj-NtC  li,)rP(C'H,l,  and  approximatel)  1  ml,  of  C'H.C'I:  frozen  at 
°C  \s  the  mixture  was  allowed  to  melt,  the  reaction  .veurred 
immedtaiel).  The  ‘'B  NMR  spectrum  of  the  reaction  mixture  indicated 
the  formation  of  BHj-NiCH  ,ti  and  BH.C  I*P(CH>li  t  ■  18.8  ppml  ■*  wuh 
traces  of  BH -  1  ppm)"*  and  BH^C'l-NtC'H,)-.  (  -78  ppm)  ' 

Reaction  of  B;Hj  N(rH,)cP(rHi)i  with  BjH  A  0  55-mmo!  sample 
ol  B4!1io  condensed  into  a  10-mm  NMR  tube  com. lining  0  ^0  mmol 
of  B'H4'N(('Hi)i*P(CH  ).  and  .ipprovimatel)  I  ml  of  CM;C'l>  The 
reactants  were  mixed  well  at  80  *C  and  then  allowed  losh>wl\  warm 
At  -M)  °C  the  formation  of  BJ^-NtCH was  ob¬ 
served  Then,  the  tube  was  warmed  to  r«.xim  temperatures  to  ensure  that 


the  reaction  had  gone  to  completion  The  solution  was  then  c^x>led  t--  i 

.  and  the  solvent  and  unchanged  were  removed  b\  pumping 

The  resulting  white  solid  residue.  B,l!t,'NiCH,),-P<CH;).''B!Hs  .  was 
redissolved  in  CD^CI;  for  the  NMR  siudv. 

Reaction  of  B;H4-N(CH,)rP(CH,),  with  B;H^.  A  0  Sl-rnmol  sample 
of  B;;-H{,  was  condensed  into  a  reaction  tube  containing  0  52  mmol  of 
B:H4-N(CH,),*P(CH,),  and  approximately  1  ml  of  (  MT  l-  The 
reactants  were  mixed  well  at  -80  °C.  and  then  the  tube  was  allovsed  to 
warm  slowly.  At  65  °C  tac  formation  of  B;H^-N( CH -j  .-P- 
(CHOa^BjHi  was  obserxed  At  -  45  ®C  the  reaction  was  faster,  and  the 
formation  of  BH,*N(CH.),  and  B,H'-PiCH  0 1  (  - 1  b  and  45  0  ppm  r'’ 
was  observed.  When  the  temperature  reached  25  °C  .  onlv  the  .signals 
of  BH  t'N(C  H 1 1 1.  B,H -'P( C  H  . ) and  B  - were  present 
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Formation  of  Diboron  Complex  Cations 
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Earlier,  we  reported  briefly  that  the  reaction  of  bis(tri- 
methylamine)hexahydrotriboron(  1+)  octahydrotriborate(  1-), 
B)He2N(CHj)3'^  with  frimethylamine  resulted  in  the 

cleavage  of  the  triboron  cation  framework  to  produce  a  new 
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Table  I.  Chemical  Shift  Values  for  the  Diboron  Complex  Cations" 


1 

H— Bi-NICH3)3 

M — B2^P<CM333 

I 

N'Ch3l3 

H— 3.— PfCMatj 

H — 03 — 

II 

NIC  H3'3 

H — B-  — NiC  M3'  3 

M - B3  ■  Nl  C  *7  3 ' 5 

III 

SC  7.,,  , 

«  B-  F  '  r 

M--B3 

"B 

B(l) 

+  I  1.4 

-5  S 

+  1:  5 

^  4 

B(2) 

-.34.7 

.V9 

^  4 

Up 

P(l) 

-14  2 

1  0 

P(2) 

+  !.>} 

-t-0  ? 

'll 

2  68 

:  6'' 

■’2 

:  ^1 

:  '4 

Wp.Mel  J  ) 

1  tQ* 

i  44' 

1  20'' 

I.22' 

"The  .shift  values  are  expressed  in  ppm. 

Standards  for  the  shifts:  ' 

'B,  BFeOtC.H,). 

*ip  orthopbtisphiinc  acid 

,  H.  t  II.C  1 

ppm.  l.ou -field  shifts 

are  taken  as  positive 

'’Dcublei.  7„p  =  10  H7 

Double^  = 

11  H7 

diboron  complex  cation.  tris(trimethylamine)trihydrodiboron(  I+). 
as  indicated  in  eq  1.'  This  reaction  contrasted  sharply  with  our 

B,H,-2N(CH,).^B,H,-  +  2N(CHj)j  - 

B,H,-3N(CH,)/B,Hg  +  BH,  N(CH,)i  (D 

earlier  observation’  on  the  reaction  of  B,H5-2P(CH,),'^B,Hg'  with 
N(CHj)3,  which  produced  the  tetraborane(8)  adduct  according 
to  eq  2.  The  reaction  of  B,Hg-2P(CHj),*B,H|i  with  PfCH.l, 

B,H,.2P(CH,)/B,Hg  +  2N(CH,),  - 

B,Hg-N(CH,),-P(CH,),  +  BH,P(CH,).  +  BH,-N(CH.I. 

C) 

proceeded  similarly  to  give  BjHg-2P(CH,),.' 

As  a  result  of  the  recent,  successful  isolation  of  B;H4'N(C- 
H0,'P(CHj).t  in  pure  form,  another  triboron  complex  cation. 

becat.tc  avaiJabJe.-'  ft  was  of  interest 
to  see  how  the  BiHg"  salt  of  this  “hybrid”  cation  would  respond 
to  the  treatment  with  N(CH,),  or  P(CHj),.  In  this  paper,  results 
of  the  reaction  studies  of  B,Hg-N(CH,j,-P(CHj)j*B,H,'  are 
described  and  are  compared  with  corresponding  reactions  of 
B3Hg-2N(CH,l,'”B,Hg-  and  B,Hf,-2P(CH,),*B,Hg  . 

Results 

Reactions  of  B,H,-N(CH,),.P(CH,)/B,Hg  and  B,Hf,-2N- 
(CH3),'^B3Hg“  with  N(CH,),  or  P(CHj)i  proceeded  according 
to  eq  3-6. 

B,H«.N(CH,),-P(CH,)..-”B,Hg  +  2N(CH,)3  - 

[N(CH,)j]2-BHBH,-P(CH,)/BjHg  +  BHj-N(CH,).  (3) 

B,Hg.N(CH,),.P(CH3),*B3Hg  +  2P(CH3)3  - 

N(CH3),-P(CH,)3-BHBH,-P(CH3)3*B3Hg  +  BH,P(CH,), 

(4) 

B3H«-2N(CH3),*B3Hg-  +  2N(CH,)3 

[N(CH3)3]rBHBHrN(CH3)3*B3H8-  +  BHj  NfCH.Ij  (5) 

B3Hg-2N(CH3),-^B3Hg-  +  2P(CH3)3  ^ 

N(CH,)3-P(CH3),-BHBH2.N(CH3),*B3Hg  +  BH,-P(CHj), 

(6) 

Generally,  these  reactions  are  clean  and  virtually  quantitative 
as  long  as  the  reaction  solutions  are  kept  below  the  decomposition 
temperatures  of  the  respective  products.  As  the  reaction  pro¬ 
ceeded,  the  signals  uf  the  N(CH3)3  or  PfCHgtg  adduct  of  BH, 
and  the  diboron  complex  cation  grew  in  the  "B  NMR  spectrum 
of  each  reaction  solution  while  the  signals  of  the  triboron  complex 


(1)  DePoy,  R.  E.;  Kodama.  G.  Inorg.  Chem.  1985,  c4.  2871. 

(2)  Kam^a,  M.;  Kodama,  G.  Inorg.  Chem.  1984,  23,  3710. 
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cation  diminished  and  that  of  BiHg  remained  unchanged 
Compound  IV  is  the  most  stable  of  the  four  diboron  cations,  and 
most  of  the  coproduct.  BH,-P(CH,li.  can  be  sublimed  out  ai  n 
“C.  Above  0  °C.  however,  this  salt  decompos,.s  slowly.  Th:;; 
compound  can  also  be  prepared  from  III  by  a  ligand  displacement 
reaction  (eq  7).  Salt  III  is  the  least  stable  and  undergoes  de- 

|N(CH.).];-BHBH.-N(CH,)/B,H,  +  PiCH.I,  - 

N(CH.).-P(CH.,|,-BHBH;-N(CH.|,”B,H,  +  N(CH.),  (7| 

composition  at  -40  °C  Compounds  I  and  II  decompose  slowly 
at  -30  °C.  Because  of  their  limited  stabilities,  the  salts  were 
characterized  by  their  N.MR  spectra  as  they  were  formed,  in  the 
presence  of  the  coproducts  BHi-NtCHili  or  BlleP(CHi)i 

NMR  Spectra  and  Structures  of  the  Diboron  Complex  Cations. 
The  chemical  shift  data  for  the  four  diboron  cations,  1-|\  .  are 
listed  in  Table  1. 

(a)  IJ-Bis(trinieibylaniine)-2-(trimethvlphosphine)lrih>dro- 
diboron(I+)  Cation.  1N(CH,),);  BHBH:  P(CH,),“  (1).  The  two 
broad  signals  at  +11.4  and  -34.7  ppm  in  the  IBl  Hl  NMR 
spectrum  could  readily  be  assigned  to  the  two-amine-attached 
boron  and  the  phosphine-attached  boron  atoms,  respectively. 
Furthermore,  the  presence  of  only  one  amine  methy  l  proton  signal 
and  its  intensity  2  relative  to  that  of  the  phosphine  methyl  proton 
signal  supported  the  designated  structure  of  this  cation. 

(b)  l-(Trimetbylamine)-I,2-bis(trimeChvlphosphine)trihvdro- 
diborond-r)  Cation,  N(CH3)3  P(CH,)rBHBH;  P(CH,)C  (II). 
The  broad  signal  at  -5.8  ppm  in  the  'BI'H!  spectrum  was  at¬ 
tributed  to  the  boron  atom  attached  to  both  an  amine  group  and 
a  phosphine  group,  and  the  signal  at  -35.8  ppm  could  be  attributed 
to  the  phosphine-attached  boron  atom.  The  presence  of  two 
phosphine  methyl  proton  signals  was  also  consistent  with  the 
structure  assigned  to  this  cation. 

(c)  l,I,2-Tris(trimethylamine)trihydrodiboron(I  +  )  Cation, 
lN(CH,)3j3.BHBH3  NfCH,),'”  (III).  .As  reported  earlier'  the  "B 
resonance  signals  appeared  at  +12.5  and  -3.9  ppm.  which  were 
assigned  to  the  two-amine-attached  boron  and  onc-amine-attached 
boron  atom,  respectively.  The  presence  of  the  two  amine  methy  l 
proton  signals  in  a  2:1  intensity  ratio  is  consistent  with  the  des¬ 
ignated  structure  of  this  cation. 

(d)  1,2-Bis(trimetbylamine)-  l-(trimetbylpbo$pbine)tribvdro- 
diboron(l+)  Cation,  N(CH,),  P(CH,),  BHBH;  N(CH,)C  (IV). 
The  "BI'Hj  spectrum  showed  only  one  broad  signal  at  -5.4  ppm, 
which  is  due  to  the  overlapping  of  signals  arising  from  the  two 
nonequivalent  boron  atoms  in  the  cation.  This  assignment  is  made 
on  the  basis  of  the  relative  intensities  of  the  signals  present  in  the 
spectrum  of  the  reaction  solution:  the  signal  at  -5.4  ppm;  intensity 
2.  BjHg  signal;  intensity  3,  and  BHj-PfCH,),  signal;  intensity 
1 .  These  two  coincidental  signals  at  -5.4  ppm  could  not  be  resolved 
even  on  a  Varian  XL-400  instrument  ("B  observation  frequency, 
128  MHz).  However,  on  this  high-field  instrument  the  application 
of  resolution  enhancement  techniques  did  indicate  a  dissymmetry 
attributable  to  the  overlapping  of  these  two  signals.  Furthermore, 
the  presence  of  two  trimethylamine  proton  signals  in  a  1:1  intensity 
ratio  verified  the  identity  of  this  cation 
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Notes 


Scheme  1 


Scheme  II 


Summary  of  "B  Shift  Values.  The  following  “B  group  shift 
values  are  found  for  the  diboron  complex  cations: 
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-35  3  t  06  ppm 


When  irimethylamine  is  replaced  by  irimethylphosphine  on  the 
adjacent  boron  atom,  the  "B  resonance  moves  upfield  only  slightly 
For  example,  in  going  from  (N(CH,)il:-BHBH;-N(CH,)/  to 

.  the  B  sUiti  * aiuc  v>.  ,,tC  (Ntc- 

H,),1:.-BH  group  decreases  by  l  .l  ppm.  Thus,  each  of  the  "B 
shift  values  for  these  groups  is  essentially  constant  regardless  of 
the  type  of  ligands  (N(CH,)i  or  P(CH,K)  attached  to  the  adjacent 
boron  atom.  Furthermore,  the  values  listed  above  are  comparable 


with  those  for  B-Hj-L- 

l.': 
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The  values  further  compare  with  those  reported  for  the  following 
monoborane  species: 
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H 
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Discussion 

•  8  7  ppm 

-8  3  ppm 

-3’1  ppm 

There  arc  two  important  features  that  are  common  to  the 
reactions  represented  by  eq  3'6:  (1)  In  the  diboron  complex 
cations  produced,  the  attacking  Lewis  base  is  always  bonded  to 
the  amine-attached  boron  atom,  and  (2)  the  BFl,  adduct  that  is 
formed  always  contains  the  attacking  Lewis  base  Thus  the  fout 
reactions  can  be  summarized  by  eq  8,  where  L  and  L'  a-'e  N(CH,)i 

B,H,-L-N(CH.),^B,H,  -h  2L'  - 

L-BH;-BH-N(CH,)>  L'*B.,H,  +  BH,-L'  (8) 

or  PfCFIOi  and  L'  is  the  attacking  base.  .Apparently,  the  bond 
cleavages  occur  as  indicated  in  Scheme  1.  This  observation 
immediately  provides  a  “partial"  explanation  for  the  behavior  of 
B,H«-2P(CH,)5*B3H8-  toward  P(CH,),  or  N(CH,),  (eq  21. 
Because  of  the  absence  of  a  trimethylamine-attached  boron  atom 
in  the  B3FI(,-2P(CFlj)j'''  cation,  the  attacking  base.  L',  cannot  find 
an  effective  site  of  attack  on  the  (CFl^jjP-B-B-PfCFI,),  moiety 
to  produce  a  B2Ffj'2P(CH3)3-L''*^  cation. 

The  Lewis  base  adducts  of  triborane(7)  are  isoelectronic  and 
isostructural  with  the  triboron  complex  cations.  Interestingly, 
however,  the  above  pattern  of  triboron  cation  cleavage  contrasts 
with  those  observed  for  the  cleavage  of  B3FI-.-N(CFl,)3  and  B,- 
FlrP(CFl3)3  with  N(CFl3)3  or  P(CH3)3,  where  the  BH,  adducts 
produced  contain  N(CFl3)3  whenever  N(CFl3)3  is  involved  in  the 
reaction  system.’  For  example,  B3FI-.'N(CFl3)3  +  2P(CFl3)3  — 
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B3Fl4-2P(CH3l3  +  BH3-N(CFl3)3.  This  observation  was  explained' 
by  extendine  the  mechanism  proposed  by  Ritter  and  co-wivrkers' 
and  by  Paine  and  Parry,'  as  a  result  of  faiorable  elimination  ol 
BFl3-N(CHi)3  from  the  reaction  intermediate  “B,H-P(CH,li-'s- 
(CH3)3".  Upon  further  PfCMs);  attack  on  the  intermediate. 
BHi'NtCHiJi  splits  off  fruiii  tile  inici  iiicdjate  and  die 
base  PtCHsli  is  combined  with  the  B.Hj  fragment  as  illustrated 
in  Scheme  II.  This  mechanistic  model  for  the  triborane(7)  adduct 
cleavage  does  not  explain  the  observed  cleavage  pattern  of  the 
triboron  cations.  Reactivity  variation  due  to  the  presence  of  charge 
and  the  nature  of  ligand  is  demonstrated  in  these  iriboron 
framework  cleavages.  Further  studies  arc  being  pursued  to  elu¬ 
cidate  the  tnboron  framework  cleavage  processes,  in  which  Lewis 
bases  play  subtle,  but  important  roles, 

F.xperimental  Section 

Geneml  Procedures  for  the  Reaction  Studies.  A  dichlorometaairc 
solution  lea  2  ml  1  of  the  tnboron  complex  cation  was  prepared  in  a  K) 
mm  o.d.  Pyrex  lube  or  a  10  mm  od  rcscalable  NMR  sample  tube 
ipr.xluct  of  h'oung  I  td  1  measured  amount  of  SlC'H,),  or  PlCH,|  . 
was  condensed  onto  the  solution  at  liquid-nitrogen  temperature  The 
s'dulion  was  mixed  well  at  -XO  °C,  and  then  the  tube  was  placed  in  the 
prceooled  probe  of  a  Vartan  XL-30C  \MR  speetrometer  to  monitor  the 
reaetion  as  the  temperature  of  the  probe  w.ts  raised  stepwise. 

Reagents.  The  B,H,  salts  of  the  triboron  complex  ealions  were  pre¬ 
pared  in  the  reaetion  tubes  according  tu  tl.s  leisjited  methods  '  The 
salt  was  isolated  as  a  solid  in  the  tube,  and  then  a  fresh  jKtriioii  of  the 
soKeni  was  condensed  into  the  lube  to  prepare  the  solution  The  tn- 
meihylamine.  irimethylphosphine,  and  diehlorontethanc  used  were  from 
our  laboratory  stock.’' 

Reactions,  (a)  B,H^  N(f  H.).  P(CH,)  AB  IL  and  V(C  H,)  ,.  A 

O  b.s-mmol  sample  of  B.Hj-NlCH -.li-PtCM ,1 ABTL  was  treated  with 
1.45  mmol  of  NtCTIJ..  The  signals  i.if  the  products  (the  diboron  cation 
(II  and  H.t>)  were  detected  at  Xf)  "C  The  reaction  vsas 

complete  as  the  probe  temperatue  was  raised  to  60  “C,  At  20  “C  . 
signals  due  to  decomposition  products  began  to  appear  slowly  in  the 
spectrum. 

(b)  B,Hj-N(CH,),-P(f  andP(CH.),.  \  0  49-mmol  sam¬ 
ple  of  »as  ircaicd  with  0.98  mmol  of 

P(CHi)\.  When  the  reaction  mixture  was  allowed  to  warm  to  -30  ®C. 
the  reactants  had  been  changed  to  a  I;I  molar  mixture  of  NtC  Hilj-P- 

(II)  and  BH,-P(CH,),  .M  this  tem¬ 
perature.  slow  decomposition  of  the  salt  occurred  as  evidenced  b>  the 
appearance  of  l^c  BHoN(CH3),  signal  in  ihc  specirum  of  the  solution 

(c)  B3Hv2N(CH^)3^BjHs  and  N(rH,)r.  A  sample  (normally  about 
0.5  mmol)  of  B,Hj,-2N(CH,)3*B,Hg  was  treated  with  2  molar  equiv  or 
more  of  N(CHk)n.  Conversion  of  the  reactants  to  (NlCHk),);- 
BHBH2*N(CHi)3*B,Hfi  (III)  and  BHyN(CH,),  was  complete  at  -60 

Above  -40  °C  (or  even  at  -50  °C.  upon  irradiation  of  the  solution 
with  the  ’H  resonance  frequencies  for  decoupling  the  'H  spins),  decom¬ 
position  of  the  diboron  cation  occurred.  The  decompositioii  producits) 
had  its  characteristic  ’’B  signals  at  -2.9  and  13.3  ppm.  and  the  B^Hg 
signal  was  present.  The  nature  of  the  decomposition  product  has  not  been 
elucidated. 

Conversion  of  III  to  IV.  A  sample  containing  III.  which  had  been 
prepared  as  above,  wa-^  mixed  with  !  molar  equiv  of  P(CHi),  at  -80  °C 
in  CH2CI2.  At  -45  ®C  changes  in  the  spectrum  were  noted  After  the 
mixture  was  stored  for  2.5  h  at  -30  ®C,  ill  had  been  converted  com¬ 
pletely  to  IV.  Treatment  of  III  with  a  3-fold  excess  of  P(CH3)^  at  -30 
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°C  and  at  0  °C  did  not  bring  about  a  further  ditiplacemeni  of 
from  IV.’ 

(d)  B,Hj-2N(CHj)/BjHs  and  P(CH,),.  A  'tample  of  B)Hk-2N- 
was  treated  with  PfCHj),  in  a  manner  similar  to  that  used 
for  preparation  c.  Formation  of  BHuPfCH,),  was  noted  at -30  °C.  The 
reaction  was  slow  at  -20  °C  Although  the  reaction  proceeded  with  a 
moderate  rate  to  completion  at  +10  “C.  weak  signals  of  decomposition 
products  were  noted  in  the  "B  spectrum  of  the  final  solution. 
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